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Figure 3
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MICROBIAL PRODUCTION OF NATURAL
SWELETENERS, DITERPENOID STEVIOL
GLYCOSIDES

RELATED APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 61/418,357, filed on Nov. 30, 2010, which 1s

hereby incorporated by reference in its entirety. This applica-

tion also claims the benefit of U.S. application Ser. No.
13/249,388, filed Sep. 30, 2011, which 1s hereby incorporated
by reference 1n its entirety.

GOVERNMENT INTEREST

This work was funded in part by the National Institutes of
Health under Grant Number 1-R0O1-GMO085323-01A1. The

government has certain rights 1n this imvention.

FIELD OF THE INVENTION

The mvention relates to the production of one or more
terpenoids, including steviol and steviol glycosides, through
genetic engineering.

BACKGROUND OF THE INVENTION

Steviol glycosides are natural constituents of the plant
Stevia rebaudiana Bertoni, referred to as Stevia. Stevia 1s
native to the Amambay region of Northeastern Paraguay and
has been reported to grow 1n neighboring parts of Brazil and
Argentina. Although Stevia continues to be a rare plant 1n its
native habaitat, 1t 1s now farmed 1n South America and Asia.
Stevia leaves have been used to sweeten beverages and make
tea. In addition, the leaves are also used for their medicinal
benefits 1n high blood pressure, obesity, topical dressing of
wounds and other skin disorders (1).

The crushed Stevia leaves are about 30 times sweeter than
sugar (2). The sweet tasting components of the Stevia plant
are called steviol glycosides. Steviol glycosides are obtained
from the leaves of Stevia rebaudiana Bertoni. The leaves are
processed with hot water and aqueous extraction to concen-
trate and purily the steviol glycosides. The final product may
be spray dried. Steviol glycosides preparations are available
as white or shightly yellowish white crystalline odorless
soluble powders.

SUMMARY OF THE INVENTION

The current production of steviol glycoside sweeteners
solely relies on cultivation of the plant Stevia and extraction
of steviol glycosides from the plant, which yields variable
mixtures with undesirable taste profiles, and the vyield 1s
severely limited by cultivation and extraction procedures. A
promising solution to this problem 1s to engineer fast growing,
microorganisms such as bacteria and veast to synthesize ste-
viol glycosides or its precursor molecule steviol that can be
chemically converted to steviol glycosides through estab-
lished mexpensive methods.

Aspects of the present invention relate to methods mvolv-
ing recombinantly expressing a copalyl diphosphate synthase

(CPS), kaurene synthase (KS) and a geranylgeranyl diphos-
phate to synthase (GGPPS) enzyme 1n a cell that expresses (or

overexpresses one or more components of) an endogenous

isopenoid synthesis pathway, such as the non-mevalonate
(MEP) pathway or the mevalonic acid pathway (MVA). In
some embodiments the cell 1s a bacterial cell such as an
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Escherichia coli cell. In some embodiments, the bacterial cell
1s a Gram-positive cell such as a Bacillus cell. In some
embodiments, the cell 1s a yeast cell such as a Saccharomyces
cell Pichiacell,ora Yarrowia cell. In some embodiments, the
cell 1s an algal cell or a plant cell.

In some embodiments, the copalyl diphosphate synthase
(CPS) enzyme 1s a Stevia enzyme such as a Stevia rebaudiana
Bertoni enzyme. In some embodiments, the kaurene synthase
(KS) enzyme 1s a Stevia enzyme such as a Stevia rebaudiana
Bertoni enzyme. In some embodiments, the GGPPS enzyme
1s a Taxus enzyme such as a Taxus canadenis enzyme or Stevia
enzyme such as a Stevia rebaudiana Bertoni enzyme. In some
embodiments, the gene encoding the copalyl diphosphate
synthase (CPS) enzyme and/or the gene encoding the kaurene
synthase (KS) enzyme and/or the gene encoding the GGPPS
enzyme and/or the genes encoding the one or more compo-
nents of the MEP pathway 1s/are expressed from one or more
plasmids. In some embodiments, the gene encoding the copa-
lyl diphosphate synthase (CPS) enzyme and/or the gene
encoding the kaurene synthase (KS) enzyme and/or the gene
encoding the GGPPS enzyme and/or the genes encoding the
one or more components of the MEP pathway 1s/are incorpo-
rated nto the genome of the cell.

In some embodiments, one or more overexpressed compo-
nents of the non-mevalonate (MEP) pathway are selected
from dxs, 1spC, 1spD, 1spE, 1spF, 1spG, 1spH, 1d1, 1spA and
1spB. In certain embodiments, dxs, 1d1, 1spD and 1spF are
overexpressed in the cell. For example, dxs, 1di, 1spD and 1spF
can be expressed or overexpressed on the operon dxs-idi-
1SpDF, or 1spC, 1spE, 1spG and 1spH can be expressed or
overexpressed on the operon 1spC-1spE-1spG-1spH. In some
embodiments, the gene encoding the copalyl diphosphate
synthase (CPS) enzyme, the gene encoding the kaurene syn-
thase (KS) enzyme and the gene encoding the GGPPS
enzyme are expressed together on an operon. In some
embodiments, the operon 1s KS-CPS-GGPPS.

In some embodiments, the cell further expresses a kaurene
oxidase (KO), a P450 mono-oxygenase, and kaurenoic acid
13-hydroxylase (KAH), a cytochrome P450, or a catalytically
active portion thereof. In certain embodiments, the KO and
KAH enzyme or a catalytically active portion thereof 1s fused
to a cytochrome P450 reductase enzyme or a catalytically
active portion thereof. In some embodiments, the gene encod-
ing the kaurene oxidase (KO) enzyme or catalytically active
portion thereot or fusion thereot to a cytochrome P4 50 reduc-
tase enzyme or a catalytically active portion, and the gene
encoding the kaurenoic acid 13-hydroxylase (KAH) enzyme
or catalytically active portion thereof or fusion thereof to a
cytochrome P450 reductase enzyme or a catalytically active
portion, are expressed together on an operon. In some
embodiments, the operon 1s KO-KAH.

In some embodiments, the gene encoding the kaurene oxi-
dase (KO) synthase enzyme, the gene encoding the kaurenoic
acid 13-hydroxylase (KAH) enzyme and/or the gene encod-
ing the catalytically active portion thereotf fused to a cyto-
chrome P450 reductase enzyme or a catalytically active por-
tion 1s expressed irom one or more plasmids. In some
embodiments, the gene encoding the kaurene oxidase (KO)
synthase enzyme, the gene encoding the kaurenoic acid
13-hydroxylase (KAH) enzyme and/or the gene encoding the
catalytically active portion thereof fused to a cytochrome
P450 reductase enzyme or a catalytically active portion 1s
incorporated into the genome of the cell.

In some embodiments, the cell further expresses one or
more UDP-glycosyltransterases (UGTs) or a catalytically
active portion thereof. In some embodiments, the UDP-gly-
cosyltransierase (UGT) enzyme(s) 1s a Stevia enzyme such as
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a Stevia rebaudiana Berton1 enzyme. In some embodiments,
the gene encoding for one or more of the UDP-glycosyltrans-
terases (UGTs) or a catalytically active portion are expressed
together on an operon. In some embodiments, the gene
encoding for the UDP-glycosyltransierases (UGTs) or a cata-
lytically active portion 1s expressed from one or more plas-
mids. In some embodiments, the gene encoding for the UDP-
glycosyltransierases (UGTs) or a catalytically active portion
1s 1ncorporated 1nto the genome of the cell.

The expression of the copalyl diphosphate synthase (CPS),
kaurene synthase (KS), a geranylgeranyl diphosphate syn-
thase (GGPPS) enzyme, and the one or more components of
the MEP pathway can be balanced to maximize production of
kaurene. Methods associated with the invention can further
encompass culturing a cell to produce kaurene.

The expression of the copalyl diphosphate synthase (CPS),
kaurene synthase (KS), a geranylgeranyl diphosphate syn-
thase (GGPPS), kaurene oxidase (KO) enzyme, kaurenoic
acid 13-hydroxylase (KAH) enzyme and/or catalytically
active portion of KO and KAH fused to a cytochrome P450
reductase enzyme, and the one or more components of the
MEP pathway, can be balanced to maximize production of
steviol. Methods associated with the invention can further
encompass culturing a cell to produce steviol.

Methods associated with the invention can further com-
prise recovering the kaurene, steviol or steviol glycosides
from the cell culture. In some embodiments, the kaurene,
steviol and/or steviol glycosides 1s recovered from the gas
phase while 1n other embodiments, an organic layer or poly-
meric resin 1s added to the cell culture, and the kaurene,
steviol and/or steviol glycosides 1s recovered from the organic
layer or polymeric resin. In some embodiments, the steviol
glycoside 1s selected from rebaudioside A, rebaudioside B,
rebaudioside C, rebaudioside D, rebaudioside E, rebaudio-
side F, and dulcoside A. In some embodiments, the terpenoid
produced 1s steviobioside or stevioside.

Aspects of the mvention relate to cells that express or
overexpress an endogenous 1soprenoid synthesis pathway,
such as MEP or MVA (or are engineered to overexpress one or
more components of said pathway), and that recombinantly
expresses a copalyl diphosphate synthase (CPS), kaurene
synthase (KS), a geranylgeranyl diphosphate synthase (GG-
PPS) enzyme, kaurene oxidase (KO) enzyme, kaurenoic acid
13-hydroxylase (KAH) enzyme and/or catalytically active
portion of KO and KAH fused to a cytochrome P450 reduc-
tase enzyme. In some embodiments the cell 1s a bactenal cell
such as an Escherichia coli cell, and which overexpresses one
or more components ol the MEP pathway as described 1n
detail herein. In some embodiments, the bacterial cell 1s a
Gram-positive cell such as a Bacillus cell. In some embodi-
ments, the cell 1s a yeast cell such as a Saccharomyces cell,
Pichia pastoris, or a Yarrowia cell. In some embodiments, the
cell 1s an algal cell or a plant cell.

Aspects of the invention relate to methods for selecting a
cell that exhibits enhanced production of kaurene, steviol or
steviol glycosides, including creating or obtaining a cell that
EXpresses or overexpresses one or more components of the
mevalonic acid pathway (MVA) or non-mevalonate (MEP)
pathway, producing kaurene, steviol or steviol glycosides
from the cell, comparing the amount of kaurene, steviol or
steviol glycosides produced from the cell to the amount of
kaurene, steviol or steviol glycosides produced 1n a control
cell, and selecting a first improved cell that produces a higher
amount ol kaurene, steviol or steviol glycosides than a control
cell, wherein a first improved cell that produces a higher
amount of kaurene, steviol or steviol glycosides than the
control cell 1s a cell that exhibits enhanced production of
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kaurene, steviol or steviol glycosides. In some embodiments,
the steviol or steviol glycoside 1s steviobioside, stevioside,
rebaudioside A, rebaudioside B, rebaudioside C, rebaudio-
side D, rebaudioside E, rebaudioside F, or dulcoside A.

In some embodiments, the cell recombinantly expresses a
copalyl diphosphate synthase (CPS) enzyme and/or a kaurene
synthase (KS) enzyme and/or a geranylgeranyl diphosphate
to synthase (GGPPS) enzyme. Methods can further comprise
altering the level of expression of one or more of the compo-
nents of the non-mevalonate (MEP) pathway, the copalyl
diphosphate synthase (CPS) enzyme, the kaurene synthase
(KS) enzyme and/or the geranylgeranyl diphosphate synthase
(GGPPS) enzyme 1n the first improved cell to produce a
second improved cell, and comparing the amount of kaurene
produced from the second improved cell to the amount of
kaurene produced 1n the first improved cell, wherein a second
improved cell that produces a higher amount of kaurene than
the first improved cell 1s a cell that exhibits enhanced produc-
tion of kaurene. In some embodiments, the copalyl diphos-
phate synthase (CPS) and/or the kaurene synthase (KS)
enzyme 1s a Stevia enzyme, optionally a Stevia rebaudiana
Bertoni enzyme. The cell can further recombinantly express
any of the polypeptides associated with the invention.

Aspects of the mvention relate to 1solated polypeptides
comprising a kaurene oxidase (KO) enzyme, kaurenoic acid
13-hydroxylase (KAH) enzyme or a catalytically active por-
tion of KO or KAH fused to a cytochrome P4350 reductase
enzyme or a catalytically active portion thereof. In some
embodiments, the cytochrome P450 reductase enzyme 1s a
Taxus cytochrome P430 reductase (ITCPR). In certain
embodiments, the kaurene oxidase (KO) enzyme or kau-
renoic acid 13-hydroxylase (KAH) enzyme and TCPR are

joined by a linker such as GSTGS (SEQ ID NO:15). In some
embodiments, the kaurene oxidase (KO) enzyme, kaurenoic
acid 13-hydroxylase (KAH) enzyme or TCPR are truncated
to remove all or part of the transmembrane region. In some
embodiments, an additional peptide 1s fused to kaurene oxi-
dase (KO) enzyme and/or kaurenoic acid 13-hydroxylase
(KAH). In certain embodiments, the additional peptide 1s
from bovine 17a. hydroxylase. In certain embodiments, the
peptide 1s MALLLAVF (SEQ ID NO:16). Aspects of the
invention also encompass nucleic acid molecules that encode
any ol the polypeptides associated with the invention and
cells that recombinantly express any of the polypeptides asso-
ciated with the ivention.

Aspects of the invention relate to methods for increasing
terpenoid production in a cell that produces one or more
terpenoids, such as kaurene, steviol or steviol glycosides. The
methods include controlling the accumulation of indole 1n the
cell or 1in a culture of the cells, thereby increasing terpenoid
production 1n a cell. Any of the cells described herein can be
used 1 the methods, including bacterial cells, such as
Escherichia coli cells; Gram-positive cells, such as Bacillus
cells; veast cells, such as Saccharomyces cells, Pichia cells,
or Yarrowia cells; algal cells; plant cells; and any of the
engineered cells described herein.

In some embodiments, the step of controlling the accumu-
lation of indole 1n the cell or 1n a culture of the cells includes
balancing the upstream non-mevalonate 1soprenoid pathway
with the downstream product synthesis pathways and/or
moditying or regulating the indole pathway. In other embodi-
ments, the step of controlling the accumulation of indole n
the cell or 1n a culture of the cells includes or further includes
removing the accumulated indole from the fermentation
through chemical methods, such as by using absorbents or
scavengers.
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Aspects of the invention relate to methods that include
measuring the amount or concentration of indole 1n a cell that

produces one or more terpenoids, such as kaurene, steviol or
steviol glycosides, or 1n a culture of the cells that produce one
or more terpenoids, such as kaurene, steviol or steviol glyco-
sides. The methods can include measuring the amount or
concentration of indole two or more times. In some embodi-
ments, the measured amount or concentration of indole 1n the
cell or cells 1s used to guide a process of producing one or
more terpenoids. In some embodiments, the measured
amount or concentration of indole 1s used to guide strain
construction.

In other aspects, the invention provides a method for mak-
ing a product containing a terpenoid selected from kaurene, a
steviol, or a steviol glycoside. The method comprises increas-
ing terpenoid production 1n a cell that produces one or more
terpenoids by controlling the accumulation of indole 1n the
cell or 1n a culture of the cells. The terpenoid 1s recovered
from the cell(s), and optionally, one or more chemical or
enzymatic steps may be performed to produce the desired
compound. The recovered terpenoid or the terpenoid pre-
pared through one or more chemical or enzymatic steps, 1s
incorporated into a product to thereby make the product con-
taining a terpenoid. In various embodiments, the product 1s a
food product or beverage. These and other aspects of the
invention, as well as various embodiments thereof, will
become more apparent 1n reference to the drawings and
detailed description of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are not intended to be drawn
to scale. In the drawings, each identical or nearly 1dentical
component that 1s 1llustrated in various figures is represented
by a like numeral. For purposes of clarity, not every compo-
nent may be labeled 1n every drawing. In the drawings:

FI1G. 1. Biosynthetic scheme for steviol glycoside produc-
tion. Schematics of the four modules, the native, upstream
1soprenoid pathway (steps 1 to VII), synthetic downstream
kaurene (steps VIII to X), steviol (steps XI and XII), and
steviol glycoside (bottom panel). In the biosynthetic network,
divergence of the MEP 1soprenoid pathway from glycolysis
initiates at the precursors glyceraldehyde-3 phosphate (G3P)
and pyruvate (PYR) (I-VII). The steviol pathway bifurcation
starts from the L. coli 1soprenoid precursor IPP and DM APP
to the “linear” precursor geranylgeranyl diphosphate (VIII),
copalyl diphosphate (CP) (I1X), “cyclic” karuene (X), “oxi-
dized” kaurenoic acid (XI), and steviol (XII), followed by
multiple rounds of glycosylations to steviol glycosides. The
enzymes involved in the biosynthetic pathways from G3P and
PYR to steviol glycosides include: DXS-1-deoxy-D-xylu-
lose-5-phosphate synthase, 1spC-1-Deoxy-D-xylulose-5-
phosphate reductoisomerase, IspD-4-diphosphocytidyl-2C-
methyl-D-erythritol synthase, IspE-4-diphosphocytidyl-2-C-
methyl-D-erythritol kinase, IspF-2C-Methyl-D-erythritol-2,
4-cyclodiphosphate Synthase, IspG-1-hydroxy-2-methyl-2-
(E)-butenyl-4-diphosphate synthase, IspH-4-hydroxy-3-
methyl-2-(E)-butenyl-4-diphosphate reductase, ID1I-
isopentenyl-diphosphate  1somerase, GGPPS-geranyl
geranyldiphosphate synthase, CPS-copalyl diphosphate syn-
thase, KS-kaurene synthase, KO-kaurene oxidase, KAH-
kaurenoic acid 13-hydroxylase, and UGT-UDP-glycosyl-
transierases.

FIG. 2. Schematics of the chemical synthesis of steviol
glycosides to rebaudioside A. Specifically a trimethylsilyl
(TMS) protected at C19 COOH group of the steviol 1s syn-
thesized from the microbially derived steviol. Further, tri-
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glucosylation at C13-OH position of the steviol 1s performed
using protected p-Glc-p-Gle(2—1)-3-Glc(3—1) group. This
1s followed by a deprotection of the TMS and coupling of
protected mono [3-Glc-Br moiety. The final deprotection will
remove all of the protecting groups to produce rebaudioside
A.

FIG. 3. Multivariate-modular engineering of steviol glyco-
sides. (A) Modularization of rebaudioside D (Reb D) biosyn-
thetic pathway. (B) Schematics of the modular pathway and
the production of committed cyclic diterpenoid precursor
kaurene from the engineered . coli strains. Experimentation
with four strains on a small upstream and downstream expres-
s1on profile showed significant differences 1n kaurene produc-
tion between strains, with one . coli strain showing produc-
tion of 45 mg/L.

FIG. 4. Correlation between indole accumulation and kau-
rene production. The to GC chromatograph of the two strains

show low  (ChlT7MEP-p20TrcKCG) and  high
(ChlTreMEP-p3T7KCG) accumulation of kaurene. The
peak 1 and 2 corresponds to indole and kaurene respectively.
The corresponding MS spectra are shown 1n the right.

DETAILED DESCRIPTION OF THE INVENTION

Steviol glycosides are of recent immense interest to the
food and beverages 1industry due to their intense sweetening
properties and as a potential alternative to synthetic sweeten-
ers. Stevia leaves accumulate a mixture of at least e1ght steviol
glycosides. Here, we describe a multivaniate-modular
approach to metabolic pathway engineering for the produc-
tion of steviol or steviol 1n engineered cells including bacte-
rial cells such as Escherichia coli and yeast such as Saccha-
romyces cerevisiae.

Unless recited 1n a claim, this invention as claimed 1s not
limited 1n its application to the details of construction and the
arrangement of components set forth 1n the following descrip-
tion or illustrated in the drawings. The invention 1s capable of
other embodiments and of being practiced or of being carried
out 1n various ways. Also, the phraseology and terminology
used herein 1s for the purpose of description and should not be
regarded as limiting. The use of “including,” “comprising,” or
“having,” “containing,” “involving,” and variations thereof
herein, 1s meant to encompass the items listed thereafter and
equivalents thereot as well as additional 1tems.

The worldwide demand for high potency sweeteners 1s
increasing, and with blending of different sweeteners becom-
ing a standard practice, the demand and supply for alterna-
tives such as pure steviol glycoside 1s expected to 1ncrease.
Developing technology for the production of high purity ste-
viol glycosides such as Rebaudioside A (Reb A) would have
significant changes on the political and socio economics of
current non-caloric sweetener use in food and beverages
(F&B) industry (3). Recently, Coca-Cola company released
the details of the production of high purity Reb A from plant
extracted steviol glycoside mixture following food grade
specifications and GMP manufacturing for human consump-
tion (4). Climical, biochemical and metabolic studies support
Reb A as general purpose-sweetener for human consumption
(35). This 1s reflected 1n the recent FDA approval for Reb A as
GRAS for use as general purpose sweetener in food and
beverages industry. The featured markets and uses for this
molecule are (1) soft drinks and cordials; (11) milk, soy and
mineral drinks; (111) canned fruit, jams and juices; (1v) 1ce
creams, yoghurts, and other dietary products; (v) cakes, bis-
cuits, pastries and desserts; (v1) sugar to iree beers and alco-
holic beverages; (vi1) toppings, sauces, chutneys, spreads,
etc. and; (vii1) cereals, muesli bars and confectionaries (3).
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Thus Reb A 1s a high value chemical in the multibillion dollar
F&B industry. Developing a sustainable and economical pro-
duction process for Reb A not only has commercial 1nterest
but also potential health implications, due to the extensive
history of use as a natural herbal sweetener and medicine.
Stevia leaves accumulate a mixture of at least eight steviol
glycosides. The details of major steviol glycosides character-
1zed from the Stevia are shown 1n Table 1. The diversity of
various steviol glycosides results from the differences 1n the
glycosylation on the diterpenoid skeleton, steviol, which pri-
marily determines the sweetemng property of these mol-
ecules. Stevioside 1s the main sweetening compound found 1n
the Stevia leat (2-10%), followed by Reb A (~1-3%) (1).
Stevioside and Reb A were tested for stability 1n carbonated
beverages and found to be both heat and pH stable.

TABL

(L.

1

Details of steviol glycosides characterized
from Stevia rebaudiana Bertoni leaf

Compound R1 (glycosylation R2 (glycosylation
name at C13—OH) at C19—COOH)
1 Steviolbioside H )-Gle-p-Gle(2—1)
2 Stevioside B-Glc 3-Gle-P-Gle(2—1)
3  rebaudioside A B-Glc 3-Gle-P-Gle(2—1)
3-Gle(3—1)

4 rebaudioside B H Y-Gle-p-Gle(2—1)

3-Gle(3—1)

5 rebaudioside C B-Glc 3-Gle-a-Rha(2—1)

3-Gle(3—1)

6 rebaudioside D p-Glc-p-Gle(2—=1) )-Gle-p-Gle(2—1)

3-Gle(3—1)

7  rebaudioside E P-Glc-p-Gle(2—1) Y-Gle-p-Gle(2—1)

8 rebaudioside I B-Glc Y-Gle-P-Xyl(2—1)
3-Gle(3—1)
9 dulcoside A p-Glc )-Gle-a-Rha(2—1)

The sweetening properties of Stevia extract are derived
from stevioside and Reb A molecules. Stevioside 1s reported
to be 143 times sweeter than sucrose on a weight basis and
Reb A 1s 242 times sweeter (1). However the taste quality of
Reb A 1s better than stevioside, because 1t 1s sweeter and less
bitter. Thus 1n the natural extract the taste “quality” 1s deter-
mined by the percentage composition of stevioside and Reb
A. If stevioside 1s more than 50%, the taste 1s “common/
traditional” with a “licorice” aftertaste, whereas 1f Reb A 1s
more than 50%, the taste 1s improved with a reduced aftertaste
(2). Thus developing high Reb A steviol glycosides 1s impor-
tant for its use as sweeteners. However, the extraction and
purification from plant leatf 1s technically challenging due to
(1) low accumulation (2-10 wt %), (1) production of steviol
glycosides depends on the cultivation method and climate,
and (111) the difficulty 1n extracting Reb A from a mixture of
structurally similar steviol glycosides.

Recent developments in metabolic engineering and syn-
thetic biology offer new possibilities for the overproduction
of complex natural products such as steviol glycosides
through more technically amenable microbial hosts (6, 7).
Steviol glycosides are diterpenoids and the early biosynthetic
pathway until GGPP share common intermediates with other
diterpenoid such as Taxol biosynthetic pathway (8). Similar
to Taxol biosynthesis, the overall pathway 1s modularized into
parts: 1) the formation of starting precursor IPP and DMAPP
trom the central carbon metabolites glyceraldehydes-3-phos-
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phate and pyruvate (FIG. 1, blue to structures); 2) the produc-
tion of the first dedicated intermediate, kaurene (FIG. 1, red
structures); 3) biosynthesis of the key intermediate, steviol
(FIG. 1, gray structures); and 4) the formation various steviol
glycosides (FIG. 1, black structures).

In plants, the formation of common 1soprenoid precursor
IPP and DMAPP can be dertved from two biosynthetic routes,
the MVA and MEP pathway. The first step 1n the diterpenoid
steviol biosynthesis 1s conversion of IPP and DMAPP 1nto
GGPP. GGPP 1s the four subunit precursor for all diterpenoid
molecules. Next, the cyclization of the GGPP, first by proto-
nation-initiated cyclization to copalyl diphosphate (CDP) 1s
catalyzed by CDP synthase (CPS). Kaurene 1s then produced
from CDP by an 1oni1zation dependant cyclization catalysed
by kaurene synthase (KS). These enzymes have been 1denti-
fied and characterized from the native biosynthetic pathway
n Stevia (8).

Kaurene 1s then oxidized in a three step reaction to kau-
renoic acid, by kaurene oxidase (KO) a P450 mono-oxyge-
nase. A full length KO ¢cDNA was expressed in yeast and
demonstrated that it could convert kaurene to kaurenoic acid.
The next step 1n the pathway 1s the hydroxylation of kau-
renoic acid by kaurenoic acid 13-hydroxylase (KAH). KAH,
a cytochrome P450, was expressed in yeast and converted
kaurenoic acid to steviol (9).

Aglycone steviol has two hydroxyl groups, one attached to
the C-19 of the C-4 carboxyl and the other attached to the
C-13, both of which i theory can be glycosylated using
UDP-glycosyltransferases (UGTs) (10). In vitro enzyme
studies using 13-O- and 19-O-methylsteviol as substrates
found that only 19-O-steviol could serve as a substrate and
concluded that synthesis of steviol glycosides starts with the
glucosylation of the 13-hydroxyl of steviol, which produces
steviolmonoside. The next step 1s the glucosylation of the
C-20 of the 13-O-glucose of steviolmonoside, which results
in the production of steviolbioside. Stevioside i1s then pro-
duced by the glycosylation of the C-19 carboxyl of steviol-
bioside. In vitro studies on various substrates shows that C-19
1s glucosylated after the glucosylation of the C2' of the C13-
glucose of steviolmonoside.

Reb A 1s then synthesized by glucosylation of the C-3' of
the C-13-0O-glucose. Further, no product was observed using
Reb A as a substrate, indicating it 1s the terminal step 1n the
pathway. The tri-glycoside stevioside and the tetra-glycoside
Reb A typically represent the majority of the steviol glyco-
sides present in Stevia leaves. In addition to these, rhamno-
sylated glycosides can also be formed by addition of a UDP
rhamnose moiety to steviolmonoside, and in genotypes
enriched in Reb A C, the C2' of the C13-glucose can be
xylosylated to form rebaudioside F.

The detailed understanding and characterization of bio-
chemical pathways for steviol glycosides and the recent
advancements in engineering of the upstream 1soprenoid
pathway to reroute the IPP and DMAPP through heterolo-
gous biosynthetic pathway engineering provides the basis for
directed, heterologous production of steviol glycosides 1n a
convenient microbial-based bioprocess. There are nine steps
in the pathway for the biosynthesis of Reb A of which one
glycosylation remains unidentified.

As mentioned above, the current Stevia-based production
and purification present significant challenges to reduce pro-
duction costs. Our proposed synthetic route using heterolo-
gous pathways that have been reconstructed through ame-
nable microbial hosts offers superior opportunities for
improving current production schemes and to generate new
derivatives of steviosides which are not naturally occurring.
In addition, the microbial systems lend themselves to meta-
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bolic engineering efforts through a combination of genetic
manipulations and bioprocess engineering to continually
improve production capabilities. Taken together, the above
provide several compelling reasons to reconstitute the Reb A
biosynthesis through simpler microbial hosts.

The metabolic pathway for steviol glycosides consists of
an upstream 1soprenoid pathway that 1s native to £. coli and a
heterologous downstream terpenoid pathway (FIG. 1). The
upstream mevalonic acid (MVA) pathway 1n certain micro-
bial organisms such as yeast or methylerythritol phosphate
(MEP) pathway 1n certain microbial organisms such as . coli
can produce the two common building blocks, 1sopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP), from which 1soprenoid compounds are formed
(7).

Microbial production of terpenoids such as kaurene and
steviol 1s demonstrated herein. When expressed at satisfac-
tory levels, microbial routes reduce dramatically the cost of
production of such compounds. Additionally, they utilize
cheap, abundant and renewable feedstocks (such as sugars
and other carbohydrates) and can be the source for the syn-
thesis of numerous derivatives that may exhibit far superior
properties than the original compound. A key element 1n the
cost-competitive production of compounds of the 1soprenoid
pathway using a microbial route 1s the amplification of this
pathway 1n order to allow the overproduction of these mol-
ecules.

Described herein are methods and compositions for opti-
mizing production of terpenoids in cells by controlling
expression of genes or proteins participating in an upstream
pathway and a downstream pathway. The upstream pathway
involves production of isopentyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP), which can be
achieved by two different metabolic pathways: the mevalonic
acid (MVA) pathway and the MEP (2-C-methyl-D-erythritol
4-phosphate) pathway, also called the MEP/DOXP (2-C-me-
thyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 3-phos-
phate) pathway, the non-mevalonate pathway or the meva-
lonic acid-independent pathway.

The downstream pathway 1s a synthetic pathway that leads
to production of a terpenoids and mvolves recombinant gene
expression of a terpenoid synthase (also referred to as terpene
cyclase) enzyme, and a geranylgeranyl diphosphate synthase
(GGPPS) enzyme. In some embodiments, a terpenoid syn-
thase enzyme 1s a diterpenoid synthase enzyme. Several non-
limiting examples of diterpenoid synthase enzymes 1nclude
copalyl diphosphate synthase (CPS) and kaurene synthase
(KS).

The optimization of terpenoid synthesis by manipulation
of the upstream and downstream pathways described herein is
not a stmple linear or additive process. Rather, through com-
plex combinatorial analysis, optimization is achieved through
balancing components of the upstream and downstream path-
ways.

Aspects of the invention relate to controlling the expres-
s10n of genes and proteins 1n the MEP pathway for optimized
production of a terpenoid. Optimized production of a terpe-
noid refers to producing a higher amount of a terpenoid fol-
lowing pursuit of an optimization strategy than would be
achieved 1n the absence of such a strategy. It should be appre-
ciated that any gene and/or protein within the MEP pathway
1s encompassed by methods and compositions described
herein. In some embodiments, a gene within the MEP path-
way 1s one of the following: dxs, 1spC, 1spD, 1spE, 1spF, 1sp(,
1spH, 1d1, 1spA or 1spB. Expression of one or more genes
and/or proteins within the MEP pathway can be upregulated
and/or downregulated. In certain embodiments, upregulation
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of one or more genes and/or proteins within the MEP pathway
can be combined with downregulation of one or more genes
and/or proteins within the MEP pathway.

It should be appreciated that genes and/or proteins can be
regulated alone or in combination. For example, the expres-
s1on of dxs can be upregulated or downregulated alone or 1n
combination with upregulation or downregulation of expres-
s10n of one or more of 1spC, 1spD, 1spE, 1spF, 1spG, 1spH, 1d4,
1spA and 1spB. The expression of 1spC can be upregulated or
downregulated alone or in combination with upregulation or
downregulation of expression of one or more of dxs, 1spD,
1spE, 1spF, 1spG, 1spH, 1d1, 1spA and 1spB. The expression of
1spD can be upregulated or downregulated alone or 1n com-
bination with upregulation or downregulation of expression
of one or more of dxs, 1spC, 1spE, 1spF, 1spG, 1spH, 1d1, 1spA
and 1spB. The expression of 1spE can be upregulated or down-
regulated alone or 1n combination with upregulation or down-
regulation of expression of one or more of dxs, 1spC, 1spD,
1spFE, 1sp@, 1spH, 1d1, 1spA and 1spB. The expression of 1spF
can be upregulated or downregulated alone or in combination
with upregulation or downregulation of expression of one or
more of dxs, 1spC, 1spD, 1spE, 1spG, 1spH, 1d1, 1sp A and 1spB.
The expression of 1spG can be upregulated or downregulated
alone or in combination with upregulation or downregulation
ol expression of one or more of dxs, 1spC, 1spD, 1spE, 1spF,
1spH, 1di1, 1spA and 1spB. The expression of 1spH can be
upregulated or downregulated alone or 1n combination with
upregulation or downregulation of expression of one or more
of dxs, 1spC, 1spD, 1spE, 1spF, 1spG, 1d1, 1spA and 1spB. The
expression of 1d1 can be upregulated or downregulated alone
or in combination with upregulation or downregulation of
expression of one or more of dxs, 1spC, 1spD, 1spE, 1spF, 1spG,
1spH, 1spA and 1spB. The expression of 1spA can be upregu-
lated or downregulated alone or 1n combination with upregu-
lation or downregulation of expression of one or more of dxs,
1spC, 1spD, 1spE, 1spF, 1sp@, 1spH, 1d1 and 1spB. The expres-
s1on of 1spB can be upregulated or downregulated alone or 1n
combination with upregulation or downregulation of expres-
s10n of one or more of dxs, 1spC, 1spD, 1spE, 1spF, 1spG, 1spH,
1d1 and 1spA. In some embodiments, expression of the gene
and/or protein of one or more of dxs, 1spC, 1spD, 1spE, 1spF,
1sp(, 1spH, and 1d1 1s upregulated while expression of the
gene and/or protein of 1spA and/or 1spB 1s downregulated.

Expression of genes within the MEP pathway can be regu-
lated 1n a modular method. As used herein, regulation by a
modular method refers to regulation of multiple genes
together. For example, 1n some embodiments, multiple genes
within the MEP pathway are recombinantly expressed on a
contiguous region of DNA, such as an operon. It should be
appreciated that a cell that expresses such a module can also
express one or more other genes within the MEP pathway
either recombinantly or endogenously.

A non-limiting example of a module of genes within the
MEP pathway 1s a module containing the genes dxs, 1d1, 1spD
and 1spF, referred to herein as dxs-idi-1spDF. It should be
appreciated that modules of genes within the MEP pathway,
consistent with aspects of the ivention, can contain any of
the genes within the MEP pathway, 1n any order.

Expression of genes and proteins within the downstream
synthetic terpenoid synthesis pathway can also be regulated
in order to optimize terpenoid production. The synthetic
downstream terpenoid synthesis pathway involves recombi-
nant expression of a terpenoid synthase enzyme and a GGPPS
enzyme. Any terpenoid synthase enzyme, as discussed above,
can be expressed with GGPPS depending on the downstream
product to be produced. For example, CPS and KS 1s used for
the production of kaurene. Recombinant expression of the
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CPS and KS enzyme and the GGPPS enzyme can be regu-
lated independently or together. In some embodiments the
three enzymes are regulated together 1n a modular fashion.

For example the three enzymes can be expressed 1n an operon
in any order (e.g., GGPPS-CPS-KS, referred to as “GCK,” or

KS-CPS-GGPPS, referred to as “KCG” or KS-GGPPS-CPS,
referred to as “KGC” or GGPPS-KS-CPS, referred to as
“GKC”).

The synthetic downstream steviol synthesis pathway also
involves recombinant expression of P450 mono-oxygenases
such as kaurene oxidase (KO) and kaurenoic acid 13-hy-
droxylase (KAH) enzyme. Any P450 mono-oxygenases, as
discussed above, can be expressed with CPS and KS synthase
enzyme and the GGPPS enzyme on the downstream product
to be produced. For example, kaurene oxidase (KO) and
kaurenoic acid 13-hydroxylase (KAH) enzyme are used for
the production of steviol from kaurene. Recombinant expres-
s1on of the kaurene oxidase (KO) and kaurenoic acid 13-hy-
droxylase (KAH) enzyme and/or a gene encoding for a cata-
lytically active portion thereot 1s fused to a cytochrome P450
reductase enzyme (CPR) (to form KOCPR and KAHCPR
fusions) or a catalytically active portion can be regulated
independently or together. In some embodiments these two
enzymes are regulated together in a modular fashion. For
example the two enzymes can be expressed 1n an operon 1n
either order (KOCPR-KAHCPR, or KAHCPR-KOCPR).

Manipulation of the expression of genes and/or proteins,
including modules such as the dxs-idi-ispDF operon, the
GGPPS-CPS-KS operon, and the KOCPR-KAHCPR operon,
can be achieved through various methods. For example,
expression of the genes or operons can be regulated through
selection of promoters, such as inducible promoters, with
different strengths. Several non-limiting examples of promot-
ers include Tre, TS5 and 'T7. Additionally, expression of genes
or operons can be regulated through manipulation of the copy
number of the gene or operon 1n the cell. For example, in
certain embodiments, a strain containing an additional copy
of the dxs-1di-1spDF operon on 1ts chromosome under Trc
promoter control produces an increased amount of taxadiene
relative to one overexpressing only the synthetic downstream
pathway. In some embodiments, expression of genes or oper-
ons can be regulated through manipulating the order of the
genes within a module. For example, 1n certain embodiments,

changing the order of the genes in a downstream synthetic
operon from GCK to KCG or KGC or GKC and KOCPR -

KAHCPR to KAHCPR-KOCPR results 1n an increase 1n
steviol production. In some embodiments, expression of
genes or operons 1s regulated through integration of one or
more genes or operons into a chromosome. For example, in
certain embodiments, integration of the upstream dxs-1di-
1spDF operon mto the chromosome of a cell results 1n
increased production.

In some embodiments, the dxs-1di-1spD-1spF operon and
the K-C-G operon are controlled by the same promoter, such
as the T7 promoter, or promoters of similar strength.

It should be appreciated that the genes associated with the
invention can be obtained from a variety of sources. In some
embodiments, the genes within the MEP pathway are bacte-
rial genes such as Escherichia coli genes. In some embodi-
ments, the gene encoding for GGPPS 1s a plant gene. For
example, the gene encoding for GGPPS can be from a species
of Taxus such as Taxus canadensis (1. canadensis) or Stevia
such as Stevia rebaudiana Bertoni. In some embodiments, the
gene encoding for CPS and/or KS synthase 1s a plant gene.
For example, the gene encoding for CPS and KS synthase can
be from a species of Stevia such as Stevia rebaudiana Bertona.
Representative GenBank Accession numbers for 1. canaden-

10

15

20

25

30

35

40

45

50

55

60

65

12

sis GGPPS, Stevia rebaudiana GGPPS, CPS and KS are
provided by AF081514, ABD92926, AABR7091, and

AF097311__1 respectively, the sequences of which are mcor-
porated by reference herein in their entireties. Exemplary
protein sequences for a number of the enzymes described
herein are provided 1n Table 2.

As one of ordinary skill in the art would be aware, homolo-
gous genes for use 1n methods associated with the ivention
can be obtained from other species and can be i1dentified by
homology searches, for example through a protein BLAST
search, available at the National Center for Biotechnology
Information (NCBI) internet site (www.ncbinlm.nih.gov).
Genes and/or operons associated with the invention can be
cloned, for example by PCR amplification and/or restriction
digestion, from DNA from any source of DNA which con-
tains the given gene. In some embodiments, a gene and/or
operon associated with the invention 1s synthetic. Any to
means of obtaining a gene and/or operon associated with the
invention 1s compatible with the instant invention.

In some embodiments, further optimization of terpenoid
production 1s achieved by modilying a gene before 1t 1s

recombinantly expressed in a cell. In some embodiments, the
GGPPS enzyme has one or more of the follow mutations:
Al162V, G140C, L182M, F218Y, D160G, C184S, K367R,
Al1S1T, MI1851, D264Y, E368D, C184R, L3311, G262V,
R365S, Al114D, S239C, G295D, 1276V, K343N, P1835,
1172T, D267G, 1149V, T2341, E153D and T259A (wherein
the numbering refers to amino acids of 1. carnadensis GGPPS
[see GenBank accession numbers AFO081514 and
AADI16018]; residues at equivalent positions of other
GGPPS enzymes can likewise be mutated). In some embodi-
ments, the GGPPS enzyme has a mutation 1n residue S239
and/or residue G295. In certain embodiments, the GGPPS
enzyme has the mutation S239C and/or G295D.

In some embodiments, modification of a gene before 1t 1s
recombinantly expressed 1n a cell involves codon optimiza-
tion for expression in a bactenial cell. Codon usages for a
variety of organisms can be accessed 1n the Codon Usage
Database (www.kazusa.or.jp/codon/). Codon optimization,
including identification of optimal codons for a variety of
organisms, and methods for achieving codon optimization,
are familiar to one of ordinary skill 1in the art, and can be
achieved using standard methods.

In some embodiments, modifying a gene before 1t 1s
recombinantly expressed in a cell mvolves making one or
more mutations i1n the gene before 1t 1s recombinantly
expressed 1n a cell. For example, a mutation can involve a
substitution or deletion of a single nucleotide or multiple
nucleotides. In some embodiments, a mutation of one or more
nucleotides 1n a gene will result in a mutation 1n the protein
produced from the gene, such as a substitution or deletion of
one or more amino acids. Such modifications are made using
standard molecular biology methods well known 1n the art.

In some embodiments, 1t may be advantageous to use a cell
that has been optimized for production of a terpenoid. For
example, 1n some embodiments, a cell that overexpresses one
or more components of the non-mevalonate (MEP) pathway
1s used, at least 1n part, to amplify 1sopentyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP), substrates of
GGPPS. In some embodiments, overexpression of one or
more components of the non-mevalonate (MEP) pathway 1s
achieved by increasing the copy number of one or more
components of the non-mevalonate (MEP) pathway. For
example, copy numbers of components at rate-limiting steps
in to the MEP pathway such as (dxs, 1spD, 1spF, 1d1) can be
amplified, such as by additional episomal expression.
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In some embodiments “rational design” 1s mmvolved 1n con-
structing specific mutations in proteins such as enzymes. As
used herein, “rational design” refers to incorporating knowl-
edge of the enzyme, or related enzymes, such as its three
dimensional structure, 1ts active site(s), 1ts substrate(s) and/or
the interaction between the enzyme and substrate, into the
design of the specific mutation. Based on a rational design
approach, mutations can be created 1n an enzyme which can
then be screened for increased production of a terpenoid
relative to control levels. In some embodiments, mutations
can be rationally designed based on homology modeling. As
used herein, “homology modeling™ refers to the process of
constructing an atomic resolution model of one protein from
its amino acid sequence and a three-dimensional structure of
a related homologous protein.

In some embodiments, random mutations can be made in a
gene, such as a gene encoding for an enzyme, and these
mutations can be screened for increased production of a prod-
uct, such as a terpenoid and/or steviol glycoside, relative to
control levels. For example, screening for mutations 1n coms-
ponents of the MEP pathway, or components of other path-
ways, that lead to enhanced production of a product, such as
a terpenoid and/or steviol glycoside, may be conducted
through a random mutagenesis screen, or through screening,
of known mutations. In some embodiments, shotgun cloning
of genomic fragments could be used to i1dentily genomic
regions that lead to an increase 1n production of a product,
such as a terpenoid and/or steviol glycoside, through screen-
ing cells or organisms that have these fragments for increased
production of a terpenoid. In some cases one or more muta-
tions may be combined 1n the same cell or organism.

In some embodiments, production of a product, such as a
terpenoid and/or steviol glycoside 1n a cell can be increased
through manipulation of enzymes that act in the same path-
way as the enzymes associated with the mvention. For
example, 1n some embodiments 1t may be advantageous to
increase expression of an enzyme or other factor that acts
upstream of a target enzyme such as an enzyme associated
with the invention. This could be achieved by overexpressing,
the upstream factor using any of the standard methods known
in the art.

Optimization of protein expression can also be achieved
through selection of approprniate promoters and ribosome
binding sites. In some embodiments, this may include the
selection of high-copy number plasmids, or low or medium-
copy number plasmids. The step of transcription to termina-
tion can also be targeted for regulation of gene expression,
through the introduction or elimination of structures such as
stem-loops.

Aspects of the mvention relate to expression of recombi-
nant genes 1n cells. The ivention encompasses any type of
cell that recombinantly expresses genes associated with the
invention, including prokaryotic and eukaryotic cells. In
some embodiments the cell 1s a bacterial cell, such as Escheri-
chia spp., Streptomyces spp., Zymonas spp., Acetobacter
spp., Citrobacter spp., Synechocystis spp., Rhizobium spp.,
Clostridium spp., Corynebacterium spp., Streptococcus spp.,
Xanthomonas spp., Lactobacillus spp., Lactococcus spp.,
Bacillus spp., Alcaligenes spp., Pseudomonas spp., Aeromo-
nas spp., Azotobacter spp., Comamonas spp., Mycobacte-
rium spp., Rhodococcus spp., Gluconobacter spp., Ralstonia
spp., Acidithiobacillus spp., Microlunatus spp., Geobacter
spp., Geobacillus spp., Arthrobacter spp., Flavobacterium
Spp., Serratia spp., Saccharopolvspora spp., Thermus spp.,
Stenotrophomonas spp., Chromobacterium spp., Sinorhizo-
bium spp., Saccharopolyspora spp., Agrobacterium spp. and
Pantoea spp. The bacterial cell can be a Gram-negative cell
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such as an Escherichia coli (E. coli) cell, or a Gram-positive
cell such as a species of Bacillus. In other embodiments, the
cell 1s a fungal cell such as a yeast cell, e.g., Saccharomyces
Spp., Schizosaccharvomyces spp., Pichia spp., Paffia spp.,
Kluyveromyces spp., Candida spp., 1lalaromyces spp., Bret-
tanomyces spp., Pachysolen spp., Debaryomyces spp., Yar-
rowia spp., and industrial polyploid yeast strains. Preferably
the yeast strain 1s a S. cerevisiae strain or a Yarrowia spp.
strain. Other examples of fungi include Aspergillus spp., Pen-
nicilium spp., Fusarium spp., Rhizopus spp., Acremonium
spp., Neurospora spp., Sordaria spp., Magnaporthe spp.,
Allomyces spp., Ustilago spp., Botrytis spp., and Tricho-
derma spp. In other embodiments, the cell 1s an algal cell, or
a plant cell. It should be appreciated that some cells compat-
ible with the invention may express an endogenous copy of
one or more of the genes associated with the MEP and/or
MVA pathways as well as a recombinant copy. In some
embodiments, 1T a cell has an endogenous copy of one or more
of the genes associated with the MEP or MVA pathway then
the methods will not necessarily require adding a recombi-
nant copy of the gene(s) that are endogenously expressed. In
some embodiments the cell may endogenously express one or
more enzymes from the pathways described herein and may
recombinantly express one or more other enzymes from the
pathways described herein for etficient production of a prod-
uct, such as a terpenoid and/or steviol glycoside.

Further aspects of the invention relate to screening for
bactenal cells or strains that to exhibit optimized production
of a product, such as a terpenoid and/or steviol glycoside. As
described above, methods associated with the invention
involve generating cells that overexpress one or more genes 1n
the MEP pathway. Terpenoid production from culturing of
such cells can be measured and compared to a control cell
wherein a cell that exhibits a higher amount of production of
product, such as a terpenoid and/or steviol glycoside, relative
to a control cell 1s selected as a first improved cell. The cell
can be further modified by recombinant expression of a ter-
penoid synthase enzyme and a GGPPS enzyme. The level of
expression of one or more of the components of the non-
mevalonate (MEP) pathway, the terpenoid synthase enzyme
and/or the GGPPS enzyme in the cell can then be manipulated
and terpenoid and/or steviol glycoside production can be
measured again, leading to selection of a second improved
cell that produces greater amounts of product, such as a
terpenoid and/or steviol glycoside, than the first improved
cell. In some embodiments, the terpenoid synthase enzyme 1s
a CPS and/or KS enzymes.

Further aspects of the invention relate to the level of accu-
mulation of the metabolite, indole, can be controlled by
genetically manipulating the microbial pathway by the over-
expression, down regulation or mutation of the 1soprenoid
pathway genes. The metabolite indole anti-correlates as a
direct variable to the diterpenoid production in engineered
strains. Further controlling the accumulation of indole for
improving the flux towards terpenoid biosynthesis 1n bacte-
rial systems (specifically in cells, such as . coli cells) or other
cells, can be achieved by balancing the upstream non-meva-
lonate 1soprenoid pathway with the downstream product syn-
thesis pathways or by modifications to or regulation of the
indole pathway. In so doing, the skilled person can reduce or
control the accumulation of imndole and thereby reduce the
inhibitory etfect of mndole on the production of steviol and
steviol glycosides. Other methods for reducing or controlling
the accumulation of indole include removing the accumu-
lated indole from the fermentation through chemical methods
such as by using absorbents, scavengers, etc.
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In other embodiments, methods are provided that include
measuring the amount or concentration of indole 1n a cell that
produces one or more terpenoids or 1n a culture of the cells
that produce one or more terpenoids. The amount or concen-
tration of indole can be measured once, or two or more times,
as suitable, using methods known 1n the art and as described
herein. Such methods can be used to guide processes of
producing one or more terpenoids, €.g., 1n Process 1Improve-
ment. Such methods can be used to guide strain construction,
e¢.g., for strain improvement.

As demonstrated previously, by genetically engineering
the non-mevalonate 1soprenoid pathway 1n E. coli the accu-
mulation of this metabolite can now be controlled which
regulates the flux towards the 1soprenoid biosynthesis 1n bac-
terial £, coli cells.

Further aspects of the invention relate to chimeric P450
enzymes. Functional expression of plant cytochrome P450
has been considered challenging due to the inherent limita-
tions of bacternial platforms, such as the absence of electron
transier machinery, cytochrome P4350 reductases, and trans-
lational incompatibility of the membrane signal modules of
P450 enzymes due to the lack of an endoplasmic reticulum.

In some embodiments, the KO and KAH associated with
methods of the mmvention 1s optimized through N-terminal
transmembrane engineering and/or the generation of chi-
meric enzymes through translational fusion with a CPR redox
partner. In some embodiments, the CPR redox partner 1s a
Stevia cytochrome P4350 reductase. In certain embodiments,
the gene encoding for KO and KAH synthase can be from a
species of Stevia such as Stevia rebaudiana Bertoni. Repre-
sentative GenBank Accession numbers for Stevia rebaudiana
KO and KAH are provided by ABA42921 and ACID93722,
the sequence of which 1s incorporated by reference herein). In
some embodiments, Stevia NADPH:cytochrome P4350 reduc-
tase (SCPR) 1s obtained from Stevia rebaudiana Bertoni
(GenBank Accession number ABB88839, the sequence of
which 1s incorporated by reference herein).

The KO, KAH and TCPR (or SCPR) can be joined by a
linker such as GSTGS (SEQ ID NO:15). In some embodi-
ments, KO, KAH, TCPR and/or SCPR are truncated to
remove all or part of the transmembrane region of one or both
proteins. An additional peptide can also be tused to KO and
KAH. For example, one or more amino acids from bovine 17a
hydroxvlase can be added to KO and KAH. In certain
embodiments, the peptide MALLLAVF (SEQ ID NO:16) 1s
added to KO and KAH. In certain embodiments, a chimeric
enzyme constructed from the KO and SCPR 1s capable of
carrying out the first oxidation step kaurene conversion to
kaurenoic acid. In certain embodiments, a chimeric enzyme
constructed from KAH and SCPR 1s capable of carrying out
the hydroxylation step kaurenoic acid to steviol.

Further aspects of the invention relate to glycosylation of
steviol on the C-4 carboxyl and to the C-13 using UDP-
glycosyltransierases (UGTs). In some embodiments, the
UGTs associated with methods of the invention are optimized
through N-terminal transmembrane engineering and/or the
generation of chimeric enzymes through domain swapping
with other plant UGTSs. In certain embodiments, the gene
encoding for plant UGTs for the synthesis of steviol glyco-
sides can be from a species of Stevia such as Stevia rebaudi-
ana Bertoni. Representative GenBank Accession numbers for
Stevia rebaudiana UGTS are provided by AAMS3963,
AAR06921, AAR06920, AAR06917, AAN40684, and
ACERT78353, the sequences of which 1s incorporated by refer-
ence herein.

In certain embodiments, a chimeric enzyme constructed
from the UGTs 1s capable of carrying out the first glucosyla-
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tion step steviol to steviolmonoside. In certain embodiments,
a chimeric enzyme constructed from the UGTs 1s capable of
carrying out the glucosylation of the C-20 of the 13-O-glu-
cose of steviolmonoside, which results in the production of
steviolbioside. In certain embodiments, a chimeric enzyme
constructed from the UGTs 1s capable of carrying out the
glucosylation of the glycosylation of the C-19 carboxyl of
steviolbioside, which results 1n the production of Stevioside.
In certain embodiments, a chimeric enzyme constructed from
the UGTSs 1s capable of carrying out the glucosylation of the
C-3'ofthe C-13-O-glucose, which results 1n the production of

Rebaudioside A (Reb A).

In some embodiments, at least one enzymatic step, such as
one or more glycosylation steps, are performed ex vivo.

As used herein, the terms “protein” and “polypeptide” are
used interchangeably and thus the term polypeptide may be
used to refer to a full-length polypeptide and may also be used
to refer to a fragment of a full-length polypeptide. As used
herein with respect to polypeptides, proteins, or fragments
thereof, “1solated” means separated from 1ts native environ-
ment and present 1n suificient quantity to permit its 1dentifi-
cationor use. Isolated, when referring to a protein or polypep-
tide, means, for example: (1) selectively produced by
expression cloning or (11) purified as by chromatography or
electrophoresis. Isolated proteins or polypeptides may be, but
need not be, substantially pure. The term “substantially pure”
means that the proteins or polypeptides are essentially free of
other substances with which they may be found in production,
nature, or 1n vivo systems to an extent practical and appropri-
ate for their intended use. Substantially pure polypeptides
may be obtained naturally or produced using methods
described herein and may be punfied with techniques well
known 1n the art. Because an 1solated protein may be admixed
with other components in a preparation, the protein may
comprise only a small percentage by weight of the prepara-
tion. The protein 1s nonetheless 1solated 1n that 1t has been
separated from the substances with which 1t may be associ-
ated 1n living systems, 1.¢. 1solated from other proteins.

The 1nvention also encompasses nucleic acids that encode
for any of the polypeptides to described herein, libraries that
contain any of the nucleic acids and/or polypeptides
described herein, and compositions that contain any of the
nucleic acids and/or polypeptides described herein.

In some embodiments, one or more of the genes associated
with the mvention 1s expressed 1n a recombinant expression
vector. As used herein, a “vector” may be any of a number of
nucleic acids into which a desired sequence or sequences may
be 1nserted by restriction and ligation for transport between
different genetic environments or for expression in a host cell.
Vectors are typically composed of DNA, although RNA vec-
tors are also available. Vectors include, but are not limited to:
plasmids, fosmids, phagemids, virus genomes and artificial
chromosomes.

A cloning vector 1s one which 1s able to replicate autono-
mously or integrated 1n the genome 1n a host cell, and which
1s Turther characterized by one or more endonuclease restric-
tion sites at which the vector may be cut in a determinable
fashion and into which a desired DNA sequence may be
ligated such that the new recombinant vector retains 1ts ability
to replicate in the host cell. In the case of plasmids, replication
of the desired sequence may occur many times as the plasmid
increases in copy number within the host cell such as a host
bacterium or just a single time per host before the host repro-
duces by mitosis. In the case of phage, replication may occur
actively during a lytic phase or passively during a lysogenic
phase.
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An expression vector 1s one mto which a desired DNA
sequence may be iserted by restriction and ligation such that
it 1s operably joined to regulatory sequences and may be
expressed as an RNA transcript. Vectors may further contain
one or more marker sequences suitable for use 1n the 1dent-
fication of cells which have or have not been transformed or
transiected with the vector. Markers 1nclude, for example,
genes encoding proteins which increase or decrease either
resistance or sensitivity to antibiotics or other compounds,
genes which encode enzymes whose activities are detectable
by standard assays known 1n the art (e.g., 3-galactosidase,
luciferase or alkaline phosphatase), and genes which visibly
aifect the phenotype of transformed or transfected cells,
hosts, colonies or plaques (e.g., green fluorescent protein).
Preferred vectors are those capable of autonomous replica-
tion and expression of the structural gene products present in
the DNA segments to which they are operably joined.

As used herein, a coding sequence and regulatory
sequences are said to be “operably” joined when they are
covalently linked 1n such a way as to place the expression or
transcription of the coding sequence under the influence or
control of the regulatory sequences. I1 1t 1s desired to that the
coding sequences be translated into a functional protein, two
DNA sequences are said to be operably joined 11 induction of
a promoter 1n the 5' regulatory sequences results 1n the tran-
scription of the coding sequence and 1f the nature of the
linkage between the two DNA sequences does not (1) resultin
the introduction of a frame-shift mutation, (2) interfere with
the ability of the promoter region to direct the transcription of
the coding sequences, or (3) interfere with the ability of the
corresponding RNA transcript to be translated into a protein.
Thus, a promoter region would be operably jomned to a Codlng
sequence 1 the promoter region were capable of effecting
transcription of that DNA sequence such that the resulting
transcript can be translated into the desired protein or
polypeptide.

When the nucleic acid molecule that encodes any of the
enzymes of the claimed 1nvention 1s expressed in a cell, a
variety of transcription control sequences (e.g., promoter/
enhancer sequences) can be used to direct 1ts expression. The
promoter can be a native promoter, 1.e., the promoter of the
gene 1n 1ts endogenous context, which provides normal regu-
lation of expression of the gene. In some embodiments the
promoter can be constitutive, 1.e., the promoter 1s unregulated
allowing for continual transcription of 1ts associated gene. A
variety of conditional promoters also can be used, such as
promoters controlled by the presence or absence of a mol-
ecule.

The precise nature of the regulatory sequences needed for
gene expression may vary between species or cell types, but
shall 1n general include, as necessary, 5' non-transcribed and
S' non-translated sequences involved with the initiation of
transcription and translation respectively, such as a TATA
box, capping sequence, CAAT sequence, and the like. In
particular, such 5' non-transcribed regulatory sequences will
include a promoter region which includes a promoter
sequence for transcriptional control of the operably joined
gene. Regulatory sequences may also include enhancer
sequences or upstream activator sequences as desired. The
vectors of the mvention may optionally include 5' leader or
signal sequences. The choice and design of an appropriate
vector 1s within the ability and discretion of one of ordinary
skill 1n the art.

Expression vectors containing all the necessary elements
for expression are commercially available and known to those
skilled 1n the art. See, e.g., Sambrook et al., Molecular Clon-
ing: A Laboratory Manual, Second Edition, Cold Spring
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Harbor Laboratory Press, 1989. Cells are genetically engi-
neered by the introduction into the cells of heterologous DNA
(14). That heterologous DNA (14) 1s placed under operable
control of transcriptional elements to permit the expression of
the heterologous DNA 1n the host cell. Heterologous expres-
s10n of genes associated with the invention, for production of
a terpenoid, such as taxadiene, 1s demonstrated in the
Examples section using . coli. The novel method for pro-
ducing terpenoids can also be expressed in other bacterial
cells, fungi (including yeast cells), plant cells, etc.

A nucleic acid molecule that encodes an enzyme associ-
ated with the mvention can be introduced into a cell or cells
using methods and techniques that are standard 1n the art. For
example, nucleic acid molecules can be 1mntroduced by stan-
dard protocols such as transformation including chemical
transformation and electroporation, transduction, particle
bombardment, etc. Expressing the nucleic acid molecule
encoding the enzymes of the claimed invention also may be
accomplished by integrating the nucleic acid molecule nto
the genome.

In some embodiments one or more genes associated with
the invention 1s expressed recombinantly 1n a bacterial and
yeast cell. Bacterial and yeast cells according to the invention
can be cultured in media of any type (rich or minimal) and any
composition. As would be understood by one of ordinary skill
in the art, routine optimization would allow for use of a
variety ol types of media. The selected medium can be
supplemented with various additional components. Some
non-limiting examples of supplemental components include
glucose, antibiotics, IPTG for gene induction, ATCC Trace
Mineral Supplement, and glycolate. Similarly, other aspects
of the medium, and growth conditions of the cells of the
invention may be optimized through routine experimentation.
For example, pH and temperature are non-limiting examples
of factors which can be optimized. In some embodiments,
factors such as choice of media, media supplements, and
temperature can intluence production levels of a product,
such as a terpenoid and/or steviol glycoside. In some embodi-
ments the concentration and amount of a supplemental com-
ponent may be optimized. In some embodiments, how often
the media 1s supplemented with one or more supplemental
components, and the amount of time that the media 1s cultured
before harvesting a product, such as a terpenoid and/or steviol
glycoside, can be optimized.

The liquid cultures used to grow cells associated with the
invention can be housed 1n any of the culture vessels known
and used 1n the art. In some embodiments large scale produc-
tion 1n an aerated reaction vessel such as a stirred tank reactor
can be used to produce large quantities of product, such as a
terpenoid and/or steviol glycoside, that can be recovered from
the cell culture. In some embodiments, the terpenoid 1s recov-
ered from the gas phase of the cell culture, for to example by
adding an orgamc layer such as dodecane to the cell culture
and recovering the terpenoid from the organic layer. In some
embodiments, the terpenoid 1s recovered from the of the cell
culture, for example by adding a polymeric resin to the cell
culture and recovering the terpenoid from the polymer by
solvent extraction.

The mvention also encompasses the chemical synthesis for
the conversion of microbially produced steviol to steviol gly-
cosides (FIG. 2). The diterpenoid steviol can be converted to
stevioside and rebaudioside A using multi-step chemical
assembly of sugar moiety into steviol backbone. More spe-
cifically the chemical synthesis consists of following steps, as
shown 1 FIG. 2. A trimethylsilyl (TMS) protected at C19
COOH group of the steviol 1s synthesized from the microbi-
ally dertved steviol. Tri-glucosylation at the C13-OH position




US 9,284,570 B2

19

of the steviol 1s performed using protected p-Gle-pB-Glc
(2—1)-B-Glc(3—1) group. This 1s followed by a deprotection
of the TMS and coupling of a protected mono [-Glc-Br
moiety. The final deprotection removes all of the protecting
groups to produce rebaudioside A. 5

In another aspect, the invention mvolves making a product
containing a terpenoid selected from kaurene, a steviol, or a
steviol glycoside. The method comprises increasing terpe-
noid production 1n a cell that produces one or more terpenoids
by controlling the accumulation of indole 1n the cell or in a 10
culture of the cells, and then recovering the terpenoid from the
cell. The cell expresses an endogenous MVA or MEP path-
way, and may overexpress one or more components of said
pathway as described herein, to maximize production of kau-
rene, steviol, or steviol glycoside. Optionally, the method 15
may further comprise conducting one or more chemaical or
enzymatic steps on the recovered terpenoid to produce a
derivative of the terpenoid. The recovered terpenoid or the
terpenoid prepared through one or more chemical or enzy-
matic steps 1s then imncorporated 1nto a product. 20

In various embodiments, the cell 1s a bacterial cell such as
E. coli or B. subtilis, or other cell disclosed herein, including
yeast (e.g., Saccharomyces or Pichia pastoris), algal and
plant cells.

The step of controlling the accumulation of indole in the 25
cell or 1n a culture of the cells may be conducted through
strain construction, and/or physically during culture as
described herein. For example, the cell may be constructed to
express functional components of an “upstream™ MEP path-
way, and one or more components of a “downstream™ terpe- 30
noid synthesis pathway. The upstream and downstream path-
ways may be balanced to control indole accumulation, using
a variety of genetic tools, including but not limited to select-
Ing a gene copy number for one or more upstream or down-
stream pathway enzymes; increasing or decreasing the 35
expression level of the upstream and downstream pathway
genes (as individual genes or as operons) using promoters
with different or similar strengths and/or modifications to
ribosomal binding sites; replacing native genes in the down-
stream or upstream pathway with heterologous genes coding 40
for homologous enzymes; codon-optimization of one or more
heterologous enzymes in the upstream or downstream path-
way; amino acid mutations 1n one or more genes of the down-
stream and/or upstream pathway; and modifying the order of
upstream and downstream pathway genes in a heterologous 45
operon.

In some embodiments, the cell comprises at least one addi-
tional copy of at least one of dxs, 1d1, 1spD), and 1spF, which in
some embodiments 1s a heterologous dxs-1di-1spDF operon.

The accumulation of indole can be a proxy for the etfi- s0
ciency of terpenoid production, and thus the genetic elements
may provide for accumulation of indole 1n the culture at less
than 100 mg/L, or in other embodiments at less than 50 mg/L,
at less than 10 mg/L, or at less than 1 mg/L..

In these or other embodiments, accumulation of indole 1n 55
the cell or 1n a culture of the cells 1s controlled by modifying
or regulating the indole pathway, or by removing the accu-
mulated 1indole from the cell culture through chemical meth-
ods, including the use of one or more absorbents or scaven-
gers. In various embodiments, the amount of 1ndole in the 60
culture 1s continuously or mntermittently monitored.

In various embodiments, the terpenoid 1s one or more of
steviobioside, stevioside, rebaudioside A, rebaudioside B,
rebaudioside C, rebaudioside D, rebaudioside E. rebaudio-
side F, and dulcoside A, which may be produced 1n accor- 65
dance with pathways described herein. Generally, the path-
way 1s constructed at least in-part in a microbial system,

20

employing an upstream MEP pathway, and at least one, two,
or three or more components of a downstream terpenoid

synthesis pathway. For example, the cell may express a copa-
lyl diphosphate synthase (CPS) enzyme, a kaurene synthase
(KS) enzyme, and a GGPPS enzyme. In some embodiments,
the cell may further express a kaurene oxidase (KO) enzyme,
kaurenoic acid 13-hydroxylase (KAH) enzyme and/or cata-
lytically active portion of KO and KAH fused to a cytochrome
P450 reductase enzyme. In still other embodiments, the cell
expresses one or more UDP-glycosyltransierases (UGTs) or
a catalytically active portion(s) thereof. Exemplary UGTs
include UDP-glycosyltransterase (UGT) enzyme(s) from
Stevia (e.g. Stevia rebaudiana Bertoni), or catalytically active
portion(s), optionally expressed together on an operon. The
UGTs may be expressed from a plasmid or integrated 1nto the
host genome.

Optionally, glycosyltransierase steps may take place ex
vivo alter recovery of the terpenoid substrate from cells.

The terpenoid produced by the method 1s incorporated 1nto
a product, such as a food product or beverage, where the
terpenoid 1s a taste enhancer or bitter blocker. Exemplary
products 1include dessert, yogurt, confectionery, sauce,
pickle, delicacy, sweet corn, bread, biscuit, or soit drink.
Other products include carbonated or non-carbonated drinks
(including low-calorie beverages), cordials, milk, soy, min-
eral drink, canned fruit, jam, juice, 1ce cream, dietary product
(e.g., low calorie products packaged for weight loss or weight
control), cake, biscuit, pastry, dessert, sugar free beer, alco-
holic beverage, topping, sauce, chutney, spread, cereal,
muesli bar, and confectioneries.

EXAMPLES

Methods

Strains, Plasmids, Oligonucleotides and Genes

E. coli K12MG1635 A(recAendA) and FE. coli
K12MG1655A(rec A,end A)ED3 strains were used as the host
strain of karuene strain construction. The sequences of gera-
nylgeranyl pyrophosphate synthase (GGPPS), Copalyl pyro-
phosphate synthase (C), and Karuene Synthase (K) were
obtained from Zaxus canadensis and Stevia rebaudiana (Gen-
bank accession codes: AFO81514, AABR7091 and
AF097311). Genes were custom-synthesized (from a com-
mercial vendor) to incorporate E. coli translation codon and

removal of restriction sites for cloning purposes.
Construction of MEP Pathway (dxs-1di-idpDF Operon)

(15)

dxs-1d1-1spDF operon was imitially constructed by cloning,
cach of the genes from the genome of E. coli K12 MG1655
using the primers dxs(s), dxs(a), 1di(s), 1di(a), 1spDF(s) and
ispDFI(a) under pET121C+ plasmid with T7 promoter
(p20T7MEP). Using the primers dxsidiispDFNcol (s) and
dxsidiispDFKpnl(a) dxs-1di-1spDF operon was sub-cloned
into pIrcHis2B (Invitrogen) plasmid after digestion with
Ncol and Kpnl for pIrcMEP plasmid (p20TrcMEP).
p20TrcMEP plasmid digested with Mlul and Pmel and
cloned into Mlul and Pmel digested pACYC184-mel A(P2A)
plasmid to construct p1 0TrcMEP plasmid. pTrcMEP plasmid
digested with BstZ171 and Scal and cloned into Pwvull
digested pCL 1920 plasmid to construct p5TrcMEP plasmid.

Construction of Kaurene Pathway (KCG).

The downstream kaurene pathway (KCG) was constructed

by cloning PCR fragments of KS, CPS and GGPPS 1nto the
Ncol-Xhol, Xhol-EcoRI and EcoRI-Sall sites of pTrcHIS2B
plasmid to create p20TrcKCG using the primers KSNcol(s),

KSXhol(a), CPSXhol(s), CPSEcoRI(a), GGPPSEcoRI(s)
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and GGPPSSall(a). pST7KCG was constructed by subclon-
ing the Ncol/Sall digested KCG operon from p20TrcKCG

into Ncol/Sall digested pCL 1920717 plasmid.

Construction of Chromosomal Integration MEP Pathway
Plasmids (135)

For constructing the plasmids with FRP-Km-FRP cassette
for amplitying the sequence for integration, p20T7MEP was
digested with Xhol/Scal. FRP-Km-FRP cassette was ampli-
fied from the Km cassette with FRP sequence from pkD13
plasmid using the primers KmFRPXhol(s) and KmFRPScal
(a). The amplified DNA was digested with Xhol/Scal and
cloned into the Xhol/Scal digested p20T/MEP plasmid
(p20T7MEPKmFRP). Similarly the p20TrcMEP plasmid
was digested with Sacl/Scal and the amplified DNA using the
primers KmFRPSacl(s) and KmFRPScal(a) was digested,
cloned mto the p20TrcMEP plasmid (p20TrcMEPKm-FRP).

Chromosomal Integration of the MEP Pathway Cassette
(Laclg-MEP-FRP-Km-FRP) Cassette

The MEP pathways constructed under the promoters 17
and Trc were localized to the ara operon region 1n the chro-

mosome with the Kan marker. The PCR fragments were
amplified from p20T/MEPKmFRP and p20TrcMEPKm-

ERP using the primers Int1715(s), IntTrc(s) and Int(a) and
then electroporated into £. coli MG1655 recA-end- and £,
coli MG16355 recA-end-EDE3 cells for chromosomal 1nte-
gration through the A Red recombination technique. The site
specific localization was confirmed and the Km marker was
removed through the action of the FLP recombinase after
successiul gene integration.

Culture Growth for Screening the Kaurene Production

Single transformants of pre-engineered E. coli strains har-
boring the appropnate plasmid with upstream (MEP), down-
stream kaurene pathway were cultivated for 18 h at 30° C. 1n
Luria-Bertani (LB) medium (supplemented with appropriate
antibiotics, 100 mg/ml. carbenecilin, 34 mg/ml. chloram-
phenicol, 25 mg/LL. kanamycin or 50 mg/L. spectinomycin).
For small scale cultures to screen the engineered strains, these
premnoculum were used to seed fresh 2-mlL defined feed
medium containing 0.5% yeast extract and 20% (v/v) dode-
cane (13.3 g/l. KH,PO,, 4 g/I. (NH,),HPO,, 1.7 g/LL citric
acid, 0.0084 g/ EDTA, 0.0025 g/L. CoCl,, 0.015 g/ MnCl,,
0.0015 g/LL Cu(Cl,, 0.003 g/L. H,BO,, 0.0025 ¢/I. Na,MoO,,
0.008 g/L. Zn(CH,COO),, 0.06 g/L. Fe(III) citrate, 0.0045 g/L.
thiamine, 1.3 g/ MgSO,, 10 g/l glycerol, 5 g/LL veast
extract, pH 7.0). The culture was maintained with appropriate
antibiotics and 100 mM IPTG for gene induction at 22° C. for
S days.

GC-MS Analysis of Kaurene

For analysis of kaurene accumulation from small scale
culture, 1.5 mL of the culture was vortexed with 1 mL hexane
for 30 min. The mixture was centrifuged to separate the
organic layer. For bioreactor 1 uLL of the dodecane layer was
diluted to 200 ulL using hexane. lulL of the hexane layer was
analyzed by GC-MS (Varian saturn 3800 GC attached to a
Varian 2000 MS). The sample was ijected mto a HPS ms
column (30 mx250 uMx0.25 uM thickness) (Agilent Tech-
nologies USA). Helium (ultra purity) at a flow rate 1.0 ml/min

plasmids,
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was used as a carrier gas. The oven temperature was first kept
constant at 50° C. for 1 min, and then increased to 220° C. at
to the increment of 10° C./min, and finally held at this tem-
perature for 10 min. The mjector and transfer line tempera-
tures were set at 200° C. and 250° C., respectively. Pure
taxadiene was used as a standard for the quantitative mea-
surement ol kaurene production from engineered strains.

Example 1

Engineering Karuene Biosynthesis in E. coli

The upstream MEP pathway module, dxs-1di-1spdF, was
cloned under the control of two synthetic promoters with low
(Trc) and high (T7) strength. The MEP pathway 1s turther
localized into the chromosome of the £. coli MG16355 recA-

EndA-strain for the overproduction of the upstream 1so-
prenoid metabolites and downstream kaurene. The putative
downstream pathway for the biosynthesis of kaurene, GPPP
synthase (G), Copalyl pyrophosphate synthase (C), and
Karuene Synthase (K), was cloned under two promoters (1rc
and T7) using a 20 copy (p20Trc-KCG) and 5 copy plasmid

(p51T7-KCG). The downstream pathways was transierred into
the upstream chromosomal MEP pathway engineered strains.
A total of 4 strains were constructed with varying upstream
and downstream pathway to understand the vanation in kau-
rene production corresponding to the pathway strengths. FIG.
3B summarizes the details of strain construction and results
of kaurene accumulation from engineered £. coli strains.
Clearly, the balancing of the upstream and downstream path-
way 1s key for the high accumulation of kaurene. Thais is the
first example ol microbial production of the steviol glycoside
precursor scaffold kaurene.

Example 2

Metabolite Indole Accumulation Inversely Correlates
with Karuene

Metabolomic analysis of the engineered strains identified
the accumulation of the metabolite indole that correlated
strongly with pathway expression levels and kaurene produc-
tion (F1G. 4). The corresponding peaks 1n the gas chromatog-

raphy-mass spectrometry (GC-MS) chromatogram was 1den-
tified as indole and kaurene.

TABL

L1

2

Details of plasmids constructed for the study

Origin of Antibiotic

No Plasmid replication marker

1 p20T7MEP pBR322 Amp

2 p20TrcMEP pBR322 Amp

4 p20T7MEPKmEFRP pBR322 Km

6 p20TreMEPKm-FRP pBR322 Km

9 p20TrcKCG pBR322 Amp
13 pST7KCG SC101 Spect

TABLE 3

Details of the primers used for the cloning of

and chromosomal delivery of the MEP pathwav.

Primer Name

dxsNdelI (g)

sequences

CGGCATATGAGTTTTGATATTGCCAAATACCCG
(SEQ ID NO: 17)
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TABLE 3-continued

Details of the primers used for the cloning of
plasmids, and chromosomal delivery of the MEP pathwav.

Primer Name

dxgNhel (a)

idiNheI (g)

idiEcoRI (a)

1spDFEcoRI (g)

1apDFXhol {a)

dxgidiispDFNcol (g)

dxsidiispDFKpnlI (a)

dxsidiispDFXhol (a)

Thagel (o)

TENhel (a)

GGPPSEcCoRI (=)

GGPPSSall(a)

KSNcol (g)

KsXhol (a)

CPsXholI(g)

CPSEcoRI (a)

KmFRPXholI (g)

KmFRPScal(a)

KmFRPSacI(s)

IntT7TE (=)

IntTrc({s)

Sequences

CGGCTAGCTTATGCCAGCCAGGCCTTGATTTTG
(SEQ ID NO: 18)

CGCGGCTAGCGAAGGAGATATACATATGCAAACGGAACALCG
TCATTTTATTG

(SEQ ID NO: 19)

COGAATTCECTCACAACCCCRRCAAATETCGG
(SEQ ID NO: 20)

GCGAATTCGAAGGAGATATACATATGGCAACCACTCATTTG
GATGTTTG
(SEQ ID NO: 21)

GCGCTCGAGTCATTTTGTTGCCTTAATGAGTAGCGCC
(SEQ ID NO: 22)

TAAACCATGGOTTTTGATATTGCCARAATACCCG
(SEQ ID NO: 23)

CGOGGGTACCTCATTTTGTTGCCTTAATGAGTAGCGC
(SEQ ID NO: 24)

CGGCTCCAGTCATTTTGTTGCCTTAATCGAGTAGCGC
(SEQ ID NO: 25)

CGTAACCGGTGCCTCTGCTAACCATGTTCATGCCTTC
(SEQ ID NO: 26)

CTCCTTCECTAGCTTATECCAGCC
(SEQ ID NO: 27)

COTAGAATTCAGAAGGAGATATACATATGTTTGATTTCAATG
AATATATGAAAAGTARAGGC
(SEQ ID NO: 28)

GATGGTCGACTCACAACTGACGAAACGCAATGTAATC
(SEQ ID NO: 29)

ACCATGGCTCTGTCTCTGTGCATT
(SEQ ID NO: 20)

TCTCGAGT TAACGTTGTTCTTCGTTTTCG
(SEQ ID NO: 231)

ACTCCAGAAGAAGCAGATATACATATCAAGACTGE
(SEQ ID NO: 32)

TGAATTCTCAGATTACGATTTCAAATACTTTGE
(SEQ ID NO: 33)

GACGCTCGAGCGAGCAATAACTAGCATAACCCCTTEEGGECCT
CTAAACGGCETCTTCGAGGCGTTTTTTGC TTETGTAGGCTGRAG
CTGCTTCG

(SEQ ID NO: 34)

GACGAGTACTGAACGTCGGAATTGATCCGTCGAC
(SEQ ID NO: 35)

GACGGAGCTCGAGCAATAACTAGCATAACCCCTTGGGEECCT
CTAAACGGGTCTTGAGGGGTTTTTTGCTTGTGTAGGCTGGAG
CTGCTTCG

(SEQ ID NO: 236)

ATGACGATTTTTGATAATTATGAAGTETGGTTTGTCATTGCA
TTAATTGCETTGECECTCACTG
(SEQ ID NO: 37)

ATGACGATTTTTGATAATTATGAAGTETCETTTGTCAT TGGEC
ATCCEGCTTACAGACAAGCTGETG
(SEQ ID NO: 38)

24
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TABLE 3-continued

Details of the primers used for the cloning of
plasmids, and chromosomal delivery of the MEP pathwav.

Primer Name Sequences

Int (a) TTAGCGACGAAACCCGTAATACACTTCGTTCCAGCGCAGCC
GACGTCGGAATTGATCCGTCGAC

(SEQ ID NO: 39)

Table 4. Exemplary protein sequences.

Hnzyme sequences in
accordance with aspects of the invention may be as defined

below. Alternatively, the enzymes may be optimized through

processes and parameters as described herein, and generally

producing amino acid sequences that are at least 60%, at least active truncated sequence.

GGPP synthase (7. canadensis: AF081514) -

SEQ ID NO:
MEDFNEYMKSKAVAVDAALDKAIPLEYPEKIHESMRY SLLAGGKRVRPALCIAACE
LVGGSQDLAMP TACAMEMIHTMSLIHDDLPCMDNDDEFRRGKPTNHKVEFGEDTAVL
AGDALLSFAFEHIAVATSKTVPSDRTLRVISELGKTIGSQGLVGGOVVDI TS EGDANY
DLKTLEWIHIHKTAVLLECSVVSGGILGGATEDEIARIRRYARCVGLLEFOQVVDDILDV
TKSSEELGKTAGKDLLTDKATYPKLMGLEKAKEFAAELATRAKEELSSFDQIKAAPL
LGLADYIAFRON
GGPP synthase (Stevia rebaudiana: ABD92926) -

SEQ 1D NO:
MALVNPTALEYGTSIRTRPTNLLNPTOQKLRPVSSSSLPSEFSSVSAILTEKHOSNPS ENN
NLOTHLETPEFNFDSYMLEKVNMVNEALDASVPLKDPIKIHESMRY SLLAGGKRIRPM
MCIAACEIVGGNILNAMPAACAVEMIHTMS LVHDDLPCMDNDDEFRRGKPISHEVYG
EEMAVLTGDALLSLSFEHIATATKGVSKDRIVRAIGELARSVGSEGLVAGOVVDILSE
GADVGLDHLEY IHIHKTAMLLESSVVIGAIMGGGSDQOI EKLRKFARSIGLLEQVVDD
ILDVTKSTEELGKTAGKDLLTDKTTYPKLLGIEKSREFAEKLNKEAQEQLSGEFDRRK

AAPLIALANYNAYRON

Copalyl pyrophosphate synthase (Stevia rebaudiana: AAB87091) -
SEQ 1D NO:
MKTGFISPATVFHHRISPATTFRHHLSPATTNSTGIVALRDINFRCKAVSKEYSDLLOK
DEASFTKWDDDKVEKDHLDTNKNLY PNDEIKEFVESVKAMEGSMNDGEINVSAYDT
AWVALVODVDGSGSPOFPSSLEWIANNQLSDGSWGDHLLESAHDRIINTLACVIALT
SWNVHPSKCEKGLNFLRENICKLEDENAEHMP IGFEVTEFPSLIDIAKKLNIEVPEDTPA
LKEIYARRDIKLTKIPMEVLHKVPTTLLHSLEGMPDLEWEKLLKLOQCKDGSFLESPSS
TAFALMOTKDEKCLOYLTNIVTKEFNGGVPNVYPVDLFEHIWVVDRLORLGIARYFK
SEIKDCVEYINKYWTKNGICWARNTHVODIDDTAMGEFRVLRAHGYDVTPDVEFRQEFE
KDGKFVCFAGOSTOQAVTGMEFNVYRASQMLEFPGERILEDAKKEFSYNYLKEKQS TNEL
LDKWIIAKDLPGEVGYALDIPWYASLPRLETRYYLEQYGGEDDVWIGKTLYRMGYV
SNNTYLEMAKLDYNNYVAVLOLEWYTIQOWYVDIGIEKFESDNIKSVLVSYYLAAA

SIFEPERSKERIAWAKTTILVDKITSIEDSSQSSKEDITAFIDKEFRNKSSSKKHS INGEPW

HEVMVALKKTLHGFALDALMTHSQDIHPQLHQAWEMWL T KLODGVDVTAELMVQ

70%, at least 80%, at least 90%, at least 95%, or at least 98%

identical to the amino acid sequences shown below, including

15 with respect to the full length sequence or a catalytically
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-continued

MINMTAGRWVSKELLTHPOQYORLSTVTNSVCHDI TKLHNFKENSTTVDSKVQELVQ
LVESDTPDDLDOQDMKOTFLTVMKTEFYYKAWCDPNTINDHISKVEFEIVI

Kaurene synthase (Stevia rebaudiana: AF097311 1) -

SEQ ID NO:

MNLSLCIASPLLTKSNRPAALSAIHTASTSHGGOQTNPTNLIIDTTKERIQKOQFKNVEISY

SSYDTAWVAMVPSPNSPKSPCFPECLNWLINNQLNDGSWGLVNHTHNHNHPLLKDS

LSSTLACIVALKRWNVGEDQINKGLSFIESNLASATEKSQPSPIGEDIIFPGLLEYAKNL

DINLLSKOTDEFSLMLHKRELEQKRCHSNEMDGYLAY ISEGLGNLYDWNMVEKKY QM

KNGSVEFNSPSATAAAF INHONPGCLNY LNSLLDKFGNAVPTVYPHDLEIRLSMVDTIE

RLGISHHFRVEIKNVLDETYRCWVERDEQIFMDVVTCALAFRLLRINGYEVSPDPLAE

ITNELALKDEYAALETYHASHILYQEDLSSGKOQILKSADFLKEIISTDSNRLSKLIHKE

VENALKFPINTGLERINTRRNIQLYNVDNTRILKTTYHSSNISNTDYLRLAVEDEYTCQ

SIYREELKGLERWVVENKLDOLKFARQKTAYCYEFSVAATLSSPELSDARISWAKNGIT

LTTVVDDFFDIGGTIDELTNLIQCVEKWNVDVDKDCCSEHVRILEFLALKDAICWIGDE

AFKWOARDVTSHVIQTWLELMNSMLREAIWTRDAYVPTLNEYMENAYVSFALGPI

VKPAIYFVGPKLSEEIVESSEYHNLFKLMSTOGRLLND IHSFKREFKEGKLNAVALHL

SNGESGKVEEEVVEEMMMMIKNKRKELMKLIFEENGSIVPRACKDAFWNMCHV LN

FEYANDDGFTGNTILDTVKDIIYNPLVLVNENEEQR

Kaurene oxidasgse (Stevia rebaudiana: ABA42921) -

SEQ ID NO:

MDAVTGLLTVPATAITIGGTAVALAVALIFWYLKSYTSARRSQSNHLPRVPEVPGVP
LLGNLLOLKEKKPYMTEFTRWAATYGPIYSIKTGATSMVVVSSNEIAKEALVTREQS IS
TRNLSKALKVLTADKTMVAMSDYDDYHKTVKRHILTAVLGPNAQKKHRIHRD I MM
DNISTQLHEEFVKNNPEQEEVDLRKIFOSELFGLAMROALGKDVESLYVEDLKI TMNR
DEIFQVLVVDPMMGAIDVDWRDFFPYLKWVPNKKFENTIQOMY IRREAVMKSLIKE
HKKRIASGEKLNSY IDYLLSEAQTLTDOQOQLLMSLWEPI IESSDTTMVITEWAMYELA
KNPKLODRLYRDIKSVCGSEKITEEHLSQLPYITAIFHETLRRHSPVPIIPLRHVHEDTV

LGGYHVPAGTELAVNIYGCNMDKNVWENPEEWNPERFMKENET IDFQKTMAEFGGG
KRVCAGSLOALLTASIGIGRMVQEFEWKLKDMTOQEEVNTIGLTTOMLRPLRAI IKPRI

Ent-kaurenoic acid 1l3-hydroxylase (Stevia rebaudiana:
ACDO93722) -

SEQ ID NO:

MIOVLTPILLFLIFEFVEFWKVYKHOKTKINLPPGSFGWPFLGETLALLRAGWDSEPERFE

VRERIKKHGSPLVEFKTSLEFGDRFAVLCGPAGNKELEFCNENKLVASWWPVPVRKLEG

KSLLTIRGDEAKWMRKMLLSYLGPDAFATHYAVTMDVVTRRHIDVHWRGKEEVN

VEQTVKLYAFELACRLEFMNLDDPNHIAKLGSLENIFLKGIIELPIDVPGTREYSSKKAA

AATRIELKKLIKARKLELKEGKASSSODLLSHLLTSPDENGMEFLTEEEIVDNILLLLEA

GHDTSALSITLLMKTLGEHSDVYDKVLKEQLEISKTKEAWESLKWED IQKMKY SWS

VICEVMRLNPPVIGTYREALVDIDYAGYTIPKGWKLHWSAVSTORDEANFEDVTRED

PSRFEGAGPTPFTFVPEFGGGPRMCLGKEFARLEVLAFLHNIVTNFKWDLLIPDEKIEY

DPMATPAKGLPIRLHPHQV

28
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-continued

Taxus NADPH: cytochrome P450 reductase (Taxus cuspidate:
AY571340) -

SEQ ID NO:

MOANSNTVEGASQGKSLLDISRLDHIFALLLNGKGGDLGAMTGSALILTENSQNLMI
LTTALAVLVACVEFFEFVWRRGGSDTQKPAVRPTPLVKEEDEEEEDDSAKKKVTIFEGT
QTGTAEGFAKALAEEAKARYEKAVFKVVDLDNYAADDEQY EEBKLKKEKLAFFMLA
TYGDGEPTDNAARFYKWFLEGKEREPWLSDLTYGVEGLGNRQY EHENKVAKAVDE
VLIEQGAKRLVPVGLGDDDQCIEDDFTAWREQVWPELDQLLRDEDDEPTSATPYTA
AIPEYRVEIYDSVVSVYREETHALKONGOQAVYD IHHPCRSNVAVRRELHTPLSDRSCIH
LEFDISDTGLIYETGDHVGVHTENS IETVEEAAKLLGYQLDTIEFSVHGDKEDGTPLGG
SSLPPPFPGPCTLRTALARYADLLNPPRKAAFLALAAHASDPAEAERLKELSSPAGKD
EYSOWVTASQRSLLEIMAEFPSAKPPLGVEFAATIAPRLOQPRYYSISSSPREAPSRIHVTC
ALVYGPSPTGRIHKGVCSNWMKNSLPSEETHDCSWAPVEVROSNEFKLPADSTTPIVM
VGPGTGFAPFRGFLOERAKLOQEAGEKLGPAVLFEFGCRNROMDY IYEDELKGYVEKG

ILTNLIVAFSREGATKEYVOHKMLEKASDTWSLIAQGGYLYVCGDAKGMARDVHR
TLHTIVOQEQESVDSSKAEFLVKKLOMDGRYLRDIW

Stevia NADPH: cytochrome P450 reductase
(Stevia rebaudiana: ABB88839) -

SEQ ID NO:

MOSDSVKVSPEDLVSAAMNGKAMEKLNASESEDPTTLPALKMLVENRELLTLETTS
FAVLIGCLVFLMWRRSSSKKLVOQDPVPOVIVVKKKEKESEVDDGKKKVSIFYGTQTG
TAREGFAKALVEEAKVRYEKTSFKVIDLDDYAADDDEYEEKLKKESLAFEFFLATYGD
GEPTDNAANFYKWEF TEGDDKGEWLKKLOYGVEFGLGNROQYEHFNKIATIVVDDKLTE
MGAKRLVPVGLGDDDQCIEDDETAWKELVWPELDQLLRDEDDTSVTTPYTAAVLE
YRVVYHDKPADSYAEDQTHTNGHVVHDAQHPSRSNVAFKKELHTSQSDRSCTHLEFR
DISHTGLSYETGDHVGVYSENLSEVVDEALKLLGLSPDTYEFSVHADKEDGTPIGGAS
LPPPFPPCTLRDALTRYADVLSSPKKVALLALAAHASDPSEADRLKEFLASPAGKDEY
AOWIVANQRSLLEVMOSFPSAKPPLGVEFFAAVAPRLOPRYYSISSSPKMSPNRIHVTC
ALVYETTPAGRIHRGLCSTWMKNAVPLTESPDCSQASIFVRTSNFRLPVDPKVPVIMI
GPGTGLAPFRGFLOERLALKESGTELGSSIFFFGCRNRKVDEFIYEDELNNFVETGALSE
LIVAFSREGTAKEYVOHKMSQKASD IWKLLSEGAYLYVCGDAKGMAKDVHRTLHT
IVOEQGSLDSSKAELYVEKNLOMSGRYLRDVW

UDP-glucosyltransferase-1 (Stevia rebaudiana: ARMS3963) -

SEQ ID NO:

MATSDS IVDDRKOLHVATFPWLAFGHILPFLOLSKLIAEKGHKVSEFLSTTRNIQRLSS

HISPLINVVOLTLPRVOELPEDAEATTDVHPEDIQY LKKAVDGLOQPEVTREFLEQHSPD

WIIYDEFTHYWLPSIAASLGISRAYFCVITPWTIAYLAPSSDAMINDSDGRTTVEDLTTP

PKWFPFPTKVCWRKHDLARMEPYEAPGISDGYRMGMVEKGSDCLLEKCYHEFGTQ

WLPLLETLHOVPVVPVGLLPPEIPGDEKDETWVS IKKWLDGKOKGSVVYVALGSEA

LVSQTEVVELALGLELSGLPEFVWAYRKPKGPAKSDSVELPDGEFVERTRDRGLVWTS

WAPQLRILSHESVCGEFLTHCGSGSIVEGLMFGHPLIMLPLEFGDOQPLNARLLEDKOVGI

EIPRNEEDGCLTKESVARSLRSVVVENEGEIYKANARELSKIYNDTKVEKEYVSQEV

DYLEKNARAVAIDHES

5
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-continued

UDP-glucosyltransferase-2 (Stevia rebaudiana: ARR06921) -

SEQ ID NO:

MPISDINAGSHILVEPYPAQGHMLTLLDLTHQLAIRNLTITILVTPKNLPTISPLLAAHP
TTVSALLLPLPPHPAIPSGIENVKDLPNDAFKAMMVALGDLYNPLRDWEFRNQPNPPV
AlISDFFLGWTHHLAVELGIRRYTFSPSGALALSVIFSLWRYQPKRIDVENEKEATKEP
KIPNSPEYPWWOLSPIYRSYVEGDPDSEFIKDGFLADIASWGIVINSEFTELEQVYVDHL
KHELGHDQVFAVGPLLPPGDKTSGRGGSSSNDVLSWLDTCADRTVVYVCEGSQMY
LTNGOMEVVALGLEKSRVKFVWSVKEPTVGHEAANYGRVPPGFEDRVSGRGLV IR
GWVPOVAILSHDSVGVEFLTHCGWNSVMEAVAAEV LMLTWPMSADQESNATLLHEL
KVGIKVCEGSNIVPNSDELAELFSKSLSDETRLERKRVKEFAKSAKEAVGPKGSSVGE
LERLVDNLSL

UDP-glucosyltransferase-3 (Stevia rebaudiana: ARAR06920) -

SEQ ID NO:

MAEQOQKIKKSPHVLLIPFPLOGHINPFIQFGKRLISKGVKTTLVTTIHTLNSTLNHSNTT
TTSIEIQAISDGCDEGGEFMSAGESY LETFKOVGSKSLADLIKKLOSEGTTIDAIIYDSMT
EWVLDVAIEFGIDGGSEFFTOQACVVNSLYYHVHKGLISLPLGETVSVPGEPVLORWET
PLILONHEQIQSPWSOMLEFGOFANIDOQARWVE TNSEFYKLEEEVIEWTRKIWNLKVIGP
TLPSMYLDKRLDDDKDNGEFNLYKANHHECMNWLDDKPKESVVYVAFGSLVKHGP
EQVEEITRALIDSDVNEFLWVIKHKEEGKLPENLSEVIKTGKGLIVAWCKOQLDVLAHES
VGCFVTHCGFNSTLEAI SLGVPVVAMPOQFSDOTTNAKLLDEILGVGVRVKADENGIV
RRGNLASCIKMIMEEERGVIIRKNAVKWKDLAKVAVHEGGSSDND IVEFVSELIKA

UDP-glucosyltransferase-4 (Stevia rebaudiana: AAR06917) -

SEQ ID NO:

MSPKMVAPPTNLHEVLFPLMAQGHLVPMVDIARILAQRGATVITIITTPYHANRVRPV
ISRAIATNLKIQLLELOLRSTEAGLPEGCESFDQLPSPEYWKNISTAIDLLOOQPAEDLLR
ELSPPPDCIISDFLEFPWTTDVARRLNIPRLVENGPGCEFYLLCIHVAITSNILGENEPVSSN
TERVVLPGLPDRIEVTKLOIVGSSRPANVDEMGSWLRAVEAEKASFGIVVNTFEELEP
EYVEEYKTVKDKKMWCIGPVSLCNKTGPDLAERGNKAATITEHNCLKWLDERKLGS
VLYVCLGSLARISAAQATIELGLGLESINRPFIWCVRNETDELKTWEFLDGFEERVRDRG
LIVHGWAPQVLILSHPTIGGFLTHCGWNSTIESITAGVPMITWPFEADQEFLNEAF IVEV
LKIGVRIGVERACLFGEEDKVGVLVKKEDVKKAVECLMDEDEDGDOQRRKRVIELAK
MAKIAMAEGGS SYENVSSLIRDVTETVRAPH

UDP-glucosyltransferase-5 (Stevia rebaudiana: ARAN40684) -

SEQ ID NO:

MSLKGNDKELHLVMFPFFAFGHITPEVOQLSNKISSLYPGVKITFLAASASVSRIETMLN

PSTNTKVIPLTLPRVDGLPEGVENTADASPATIGLLVVAIDLMOPOIKTLLANLKPDE

VIFDEFVHWWLPEIASELGIKTIYEFSVYMANIVMPSTSKLTGNKPSTVEDIKALQOSDGI

PVKTFEAISLMNVEFKSFHDWMDKCINGCNLMLIKSCREMEGSRIDDVTKOQSTRPVELI

GPVVPEPHSGELDETWANWLNREFPAKSVIYCSEFGSETFLTDDQIRELALGLELTGLPFE

FLVLNFPANVDKSAELKRTLPDGFLERVKDKGIVHSGWVQORHILAHDSVGCYVEH

AGYGSVIEGLVNDCOQLVMLPMKVDQEFTNSKVIALELKAGVEVNRRDEDGYEGKDD

VEEAVESVMMDTENEPAKS IRENHRKLKEFLONDEIQKKY IADFVENLKAL

10

11

12

13
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-continued

34

ACE87855) -
SEQ ID NO: 14
MATSDSIVDDRKOLHVATFPWLAFGHILPYLOQLSKLIAEKGHKVSEFLSTTRNIQRLSS

UDP-glucosyltransferase-6 (Stevia rebaudiana:
HISPLINVVOLTLPRVOQELPEDAEATTDVHPEDIPYLKKASDGLOQPEVTREFLEQHSPD
WIIYDYTHYWLPSIAASLGISRAHFSVITPWAIAYMGPSADAMINGSDGRTTVEDLTT
PPKWFPFPTKVCWRKHDLARLVPYKAPGISDGYRMGLVLKGSDCLLSKCYHEFGTO
WLPLLETLHOVPVVPVGLLPPEVPGDEKDETWVS IKKWLDGKOKGSVVYVALGSEV
LVSQTEVVELALGLELSGLPEFVWAYRKPKGPAKSDSVELPDGEFVERTRDRGLVWTS
WAPQLRILSHESVCGFLTHCGSGSIVEGLMFGHPLIMLPIFGDOQPLNARLLEDKOVGI
EIPRNEEDGCLTKESVARSLRSVVVEKEGEIYKANARELSKIYNDTKVEKEYVSQFEV

DYLEKNTRAVAIDHES
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SEQUENCE LISTING
<160> NUMBER OF SEQ ID NOS: 39
<210> SEQ ID NO 1
<211> LENGTH: 296
<212> TYPE: PRT
<213> ORGANISM: Taxus canadensis
<400> SEQUENCE: 1
Met Phe Asp Phe Asn Glu Tyr Met Lys Ser Lys Ala Val Ala Val Asp
1 5 10 15
Ala Ala Leu Asp Lys Ala Ile Pro Leu Glu Tyr Pro Glu Lys Ile His
20 25 30
Glu Ser Met Arg Tyr Ser Leu Leu Ala Gly Gly Lys Arg Val Arg Pro
35 40 45
Ala Leu Cys Ile Ala Ala Cys Glu Leu Val Gly Gly Ser Gln Asp Leu
50 55 60
Ala Met Pro Thr Ala Cys Ala Met Glu Met Ile His Thr Met Ser Leu
65 70 75 80
Ile His Agp Asp Leu Pro Cys Met Asp Asn Asp Asp Phe Arg Arg Gly
85 90 05



Gly

Ser

Gly

145

Tle

ITle

Gly

ATrg

Leu

225

ASp

Leu

ASpP

Pro

ASp

Lys

130

Thr

His

Gly

Tyr

210

ASpP

Leu

2la

Sexr

Tyr
290

Thr

Ala

115

Thr

Thr

Ser

Ile

Tle

195

Ala

Val

Leu

Ser
275

Tle

Agn

100

Leu

Val

Tle

Glu

His

180

Leu

ATg

Thr

Thr

Glu

260

Phe

Ala

Hig

Leu

Pro

Gly

Gly
165

AsSp
245

Phe

AsSp

Phe

«<210> SEQ ID NO 2

<211> LENGTH:

<212> TYPERE:

<213>

PRT

<400> SEQUENCE:

Met Ala Leu Val

1

Thr

Ser

Glu

Leu

65

Met

Tle

Ile

Met

145

ATrg

ATy

Ser

Lys

50

Glu

Val

Tle

ATrg

Leu

130

Sexr

ATrg

Pro

Ser

35

His

Thr

Agn

His

Pro
115

Agn

Leu

Gly

Thr

20

Ser

Gln

Pro

Glu

Glu

100

Met

Ala

Val

361

2

AsSn

5

Asn

Leu

Ser

Phe

Ala
a5

Ser

Met

Met

His

Pro

Ser

Ser

Ser

150

ASpP

Thr

Gly

Val

Ser

230

Ala

Gln

ATrg

Pro

Leu

Pro

Agn

ASh

70

Leu

Met

Pro

ASP
150

Tle

35

Val
Phe
Asp
135
Gln
Ala
Ala
bAla
Gly
215
Ser
Ala
Ala

Tle

Gln
295

Thr
Leu
Ser

Pro
55

Phe
AsSp
Arg
ITle

Ala
135

Asp

Ser

Phe

2la

120

ATrg

Gly

Agn

Val

Thr

200

Leu

Glu

Thr

Glu

Lys

280

Agn

Ala

Agn

Phe

40

Ser

ASpP

2la

2la
120
2la

Leu

His

Gly
105

Phe

Thr

Leu

Val

Leu

185

Glu

Leu

Glu

Leu
265

Ala

ORGANISM: Stevia rebaudiana

Leu

Pro

25

Ser

Glu

Ser

Ser

Ser
105

Ala

Pro

Glu

Glu

Leu

Val

ASp

170

Leu

ASp

Phe

Leu

Pro

250

2la

Ala

Phe
10
Thr

Ser

Agn

Val
90

Leu

2la

Val

ASD

His

ATrg

Gly

155

Leu

Glu

Glu

Gln

Gly

235

Thr

Pro

Gln

Val

Agn

Met
75

Pro

Leu

Glu

Val

Met
155

-continued

Thr

Tle

Val

140

Gly

Tle

Val

220

Leu

AY(

Leu

Gly

Ser

AsSn
60

Leu

Leu

Ala

Tle

Glu

140

ASDP

Gly

Ala

Ala

125

Ile

Gln

Thr

Ser

Ala

205

Val

Thr

Met

Ala

Leu
285

Thr

Leu

Ala

45

Leu

Glu

Gly

Vval

125

Met

Agh

Glu

Val

110

Val

Ser

Val

Leu

Val

120

ATrg

ASP

Ala

Gly

Lys

270

Gly

sSer
ATg
30

Tle

Gln

ASP

Gly

110

Gly

Ile

ASP

Glu

Leu

2la

Glu

Val

Glu

175

Val

Tle

ASP

Gly

Leu

255

Glu

Leu

Tle

15

Pro

Leu

Thr

Val

Pro
o5

Gly

His

ASpP

Met

US 9,284,570 B2

Ala

Thr

Leu

ASp

160

Trp

Ser

Arg

Ile

Lys

240

Glu

Glu

Ala

ATrg

Val

Thr

His

Agh

80

Tle

Agn

Thr

Phe
160

Ala

36



Val

Thr

Glu

Val

225

Tle

ATrg

Ile

Lys

305

Glu

Gln

Ala

Leu

ala

Leu

210

ASpP

Ile

Gly

Leu
290

ASpP

Leu

Agn

Thr

Thr

195

Ala

Tle

Hig

Ala

Phe

275

ASP

Leu

Ser

Ser

Tyr
355

Gly

180

ATy

Leu

Ile

Tle

260

Ala

Val

Leu

ATg

Gly

340

Agn

165

AsSp

Gly

Ser

Ser

Hig

245

Met

Arg

Thr

Thr

Glu

325

Phe

2la

<«210> SEQ ID NO 3

<211> LENGTH:

«212> TYPERE:

<213>

PRT

<400> SEQUENCE:

Met Lys Thr Gly

1

Ser

Ser

Val

Thr

65

Agn

Ala

ASp

Pro

ASP

145

Tle

Pro

Thr

Ser
50

Leu

Met

Thr

Gln

130

Gly

Agn

Ala

Gly
35

Phe

Ala

115

Phe

Ser

Thr

Thr

20

Tle

Glu

ASP

Pro

Gly

100

Trp

Pro

Trp

Leu

787

3

Phe
5

Thr

Vval

AsSp

AsSn
85

Ser

Vval

Ser

Gly

2la
165

Ala

Val

Val

Glu

230

Gly

Ser

ASpP
310
Phe

ASpP

Tle

Phe

Ala

Ser

ASP

70

ASpP

Met

Ala

Ser

ASP
150

37

Leu
Ser
Gly
215
Gly
Thr
Gly
Ile
Ser
295
Ala

Arg

Arg

sSer
Arg
Leu
Asp
55

Glu

Asn
Leu
Leu
135

Hig

Val

Leu

Lys

200

Ser

Ala

Ala

Gly

Gly

280

Thr

Thr

Glu

Arg

Gln
260

Pro

His

ATrg

40

Leu

Val

Tle

ASP

Val
120

Glu

Leu

Tle

Ser
185

ASP

Glu

ASP

Met

Ser

265

Leu

Glu

Thr

Lys
345

Agn

ORGANISM: Stevia rebaudiana

Ala

His
25
ASDP

Leu

Gly

105

Gln

Trp

Leu

Ala

170

Leu

Arg

Gly

Val

Leu

250

ASp

Leu

Glu

Leu
330

2la

Thr

10

Leu

Tle

Gln

ASp

Glu

90

Glu

ASp

Tle

Phe

Leu
170

Ser

Ile

Leu

Gly

235

Leu

Gln

Phe

Leu

Pro

315

Agnhn

Ala

Val

Ser

Agnh

His
75
Phe

Ile

Val

Ala

Ser

155

Thr

-continued

Phe

Val

Val

220

Leu

Glu

Gln

Gln

Gly
300

Pro

Phe

Pro

Phe

ASDP

60

Leu

Val

AsSn

ASD

AsSn

140

Ala

Ser

Glu

Arg

205

Ala

Asp

Ser

Tle

Val

285

Lys

Leu

Glu

Leu

His

Ala

Arg

45

Glu

Asp

Glu

Val

Gly

125

AsSn

Hig

Trp

His

120

Ala

Gly

His

Ser

Glu

270

Val

Thr

Leu

Ala

Tle
350

His

Thr

30

Ala

Thr

Ser

Ser

110

Ser

Gln

ASP

Agn

175

Tle

Ile

Gln

Leu

Val

255

ASP

Ala

Gly

Gln

335

2la

Arg
15

Thr

Ser

AgSh

Val
o5

ala

Gly

Leu

ATrg

Val
175

US 9,284,570 B2

Ala

Gly

Val

Glu

240

Val

Leu

ASpP

Gly

Tle

320

Glu

Leu

Tle

Agh

Ala

Phe

Lys
80

Ser

Ser

Ile
160

His

38



Pro

Thr

Pro

225

Leu

Leu

Thr

Leu

305

Pro

Leu

Thr

ATrg

385

Thr

Glu

Glu

ASp

4165

Ser

Glu

Ser

Val

ASp
545

Val

Thr

Ser

Leu

Phe
210
Glu

Leu

Leu

2la

290

Thr

Val

Gly

Ile

His

370

2la

ASpP

Gly

Arg

Lys

450

Leu

Leu

ASp

Agn

Ala

530

Tle

Ser

Glu

Ser

Glu

195

Pro

ASP

Thr

His

Leu

275

Phe

Agn

ASP

Tle

Agn

355

Val

His

Gly

Met

Tle

435

Gln

Pro

Pro

ASP

Agn
515

Val

Gly

Arg

Tle

Cys
180
ASP

Ser

Thr

Ser

260

Gln

Ala

Tle

Leu

Ala

340

Gln

Gly

Phe
420

Leu

Ser

Gly

ATg

Val

500

Thr

Leu

Tle

Tle
580

Phe

Glu

Glu

Leu

Pro

Ile

245

Leu

Leu

Val

Phe

325

Arg

Phe

405

Asn

Glu

Thr

Glu

Leu

485

Trp

Gln

Glu

Leu

565

Ala

AsSp

Asn

Tle

Ala

230

Pro

Glu

Met
Thr
310

Glu

Trp

Tle

ASpP

390

Val

Vval

ASpP

AsSn

Vval

470

Glu

Tle

Leu

Leu

Lys

550

Ala

Trp

Ser

39

Gly

Ala

Asp

215

Leu

Met

Gly

Asp

Gln

295

Hig

Phe

Thr

Asp

375

Val

Ala

Glu

455

Gly

Thr

Gly

Glu

Glu

535

Phe

Ala

Ala

Ser

Leu
Glu
200

Tle

Glu

Met

Gly

280

Thr

Phe

Ile

Lys

360

ASpP

Thr

Phe

Arg

Lys

440

Leu

Met
520

Trp

Glu

2la

Gln

Agn

185

His

Ala

Glu

Val

Pro

265

Ser

Agn

Trp

Ser

345

Agn

Thr

Pro

Ala

Ala

425

Leu

Ala

Thr
505

Ala

Ser

Ser

Thr
585

Ser

Phe

Met

Ile

Leu

250

ASp

Phe

ASp

Gly

Val

330

Glu

Gly

Ala

ASp

Gly

410

Ser

Phe

ASpP

Leu

Tyr

490

Leu

Thr

ASp

Ile

570

Thr

Ser

Leu

Pro

Tyr

235

His

Leu

Leu

Glu

Gly

315

Val

Tle

Ile

Met

Val

395

Gln

Gln

Ser

ASp
475

Leu

Leu

Ile
Agnh
555

Phe

Ile

-continued

Arg Glu Asn

ITle
Leu
220

Ala

Glu

Phe

Lys

300

Val

ASpP

Gly
380
Phe

Ser

Met

Trp

460

Tle

Glu

ATrg

ASpP

Gln

540

Tle

Glu

Leu

Glu

Gly

205

AsSn

Arg

Val

Trp

Ser

285

Pro

Arg

Asp

Trp

365

Phe

Arg

Thr

Leu

AsSn

445

Ile

Pro

Gln

Met

Tyr

525

Gln

Pro

Val

Asp

120

Phe

Tle

ATg

Pro

Glu

270

Pro

Leu

Agn

Leu

Cys

350

Ala

Arg

Gln

Gln

Phe

430

Ile

Trp

Gly

510

Agn

Trp

Ser

Glu

ASP
590

Tle

Tle

Glu

Glu

ASP

Thr

255

Ser

Gln

Val

Gln

335

Val

Arg

Val

Phe

2la

415

Pro

Leu

ala

Gly
495

Agn

Val

Arg
575

Thr

US 9,284,570 B2

Val

Val

Ile

240

Thr

Leu

Ser

Tyr

320

ATrg

Glu

Agn

Leu

Glu

400

Val

Gly

Ala
480
Gly

Val

Val

Leu

560

Ser

ITle

Ala

40



Phe

Asn

625

His

Pro

Gly

Ala

ATrg

705

His

Leu

Met

Trp

Tle
785

Tle

610

Gly

Gly

Gln

Val

Gly

690

Leu

Agn

Val

Cys
770

Val

595

ASP

Glu

Phe

Leu

ASP

675

ATrg

Ser

Phe

Gln

Gln

755

ASP

Tle

Pro

Ala

His

660

Val

Trp

Thr

Leu
740

Thr

Pro

Phe

Trp

Leu

645

Gln

Thr

Vval

Val

Glu

725

Vval

Phe

Asn

«<210> SEQ ID NO 4

<211> LENGTH:

«212> TYPERE:

<213>

PRT

<400> SEQUENCE:

Met Agn Leu Ser

1

ATrg

Gly

Ile

Thr

65

Gly

Leu

ATrg

Glu

145

Gly

Pro

Gln

Gln

50

Ala

Phe

Ser

Trp
130

Ser

Phe

Ala

Thr

35

Trp

Pro

Trp

ASP

115

Agn

Agn

ASP

Ala

20

Agn

Gln

Val

Glu

Gly
100

Ser

Val

Leu

Tle

784

4

Leu
5

Leu

Pro

Phe

Ala

Cvys

85

Leu

Leu

Gly

Ala

Tle
165

ATrg

Hisg

630

ASP

Ala

Ala

Ser

Thr

710

AsSn

Phe

Leu

Thr

Ser

Thr

Met
70

Leu

Val

Ser

Glu

Ser

150

Phe

41

AsSn
6l1lb
Glu
Ala
Trp
Glu
Lys
695
Asn
Ser
Ser

Thr

Tle
775

Tle
Ala
ASn
Asn
55

Val

ASn

Asn
Ser
AsSp
135

Ala

Pro

600

Val

Leu

Glu

Leu

680

Glu

Ser

Thr

ASP

Val

760

Agn

Ala

Tle

Leu

40

Val

Pro

Trp

Hig

Thr
120
Gln

Thr

Gly

Ser

Met

Met

Met

665

Met

Leu

Val

Thr

Thr

745

Met

ASDP

ORGANISM: Stevia rebaudiana

Ser

His

25

Tle

Glu

Ser

Leu

Thr

105

Leu

Tle

Glu

Leu

Ser

Val

Thr

650

Trp

Val

Leu

Val
730

Pro

His

Pro

10

Thr

Tle

Ile

Pro

Tle

90

Hisg

2la

Agn

Leu
170

Ser

Ala

635

His

Leu

Gln

Thr

His

715

ASpP

ASpP

Thr

Tle

Leu

Ala

ASpP

Ser

AgSn

75

Agnh

Agnh

Ser
155

Glu

-continued

Lys

620

Leu

Ser

Thr

Met

Hig

700

ASDP

Ser

ASpP

Phe

Ser
780

Leu

Ser

Thr

Val

60

Ser

ASn

His

Tle

Gly
140

Gln

605

Lys

Lys

Gln

Ile
685

Pro

Ile

Leu

Tvr
765

Thr

Thr

Thr

45

Ser

Pro

Gln

Asn

val
125

Leu

Pro

Ala

His

ASP

Leu

670

Agn

Gln

Thr

Vval

ASP

750

Val

Ser

Leu

Hig

110

Ala

Ser

Ser

Ser

Thr

Tle

655

Gln

Met

Gln
735

Gln

Phe

Ser
15

His

Glu

Ser

Agn
o5

Pro

Leu

Phe

Pro

Agn
175

US 9,284,570 B2

Tle

Leu

640

His

ASp

Thr

Gln

Leu

720

Glu

ASDP

2la

Glu

Agn

Gly

Arg

ASpP

Pro

80

ASDP

Leu

Tle

Ile
160

Leu

42



ASp

Met

225

Ser

Agn

Val

Glu

Leu

305

Met

Gly

Ala

Tle

Ala

385

Thr

Val

Ser

Gln

4165

Glu

Ala

ASpP

Gln

545

Glu

Tle

Val

Tle

Arg

Leu

210

Val

ala

Arg
290
ASpP

ASp

Leu

Leu

370

ASpP

Leu

Gly

ASpP

Agn

450

Ser

Agn

ATrg

Phe

530

His

Gly

Tle

Agn
Glu
195

Ala

Thr

Leu

Pro

275

Leu

Glu

Val

Glu

Lys

355

Phe

Ile

Leu

Agn

435

Thr

Tle

Phe

Tle
515

Phe

Val

Val

ASP

Gln

Leu
180

Leu

Ala

Agn

260

His

Gly

Thr

Val

Val

340

ASP

Gln

Leu

His

Glu

420

Thr

ASP

Leu

Ser
500

Ser

ASP

Glu

ATg

Glu
580

Thr

Leu

Glu

Tle

Ala
245
Ser

Asp

Tle

Thr
325
Ser

Glu

Glu

Lys
405
Arg

Arg

AsSp
485
Val

Trp

ITle

Ile
565

Ala

Trp

Ser

Gln

Ser

Gln

230

Ala

Leu

Leu

Ser

ATrg

310

Pro

ASP

Glu

390

Glu

Tle

Tle

Leu

Glu

470

Gln

Ala

Ala

Gly

Trp

550

Leu

Phe

Leu

Glu

215

Met

Phe

Leu

Phe

Hisg

295

Ala

Asp

Ala

Leu

375

Tle

Val

Asn

Leu

Arg

455

Glu

Leu

Ala

Gly
535

ASn

Phe

Glu

Gln
ATrg
200

Gly

Ile

ASP

Ile

280

His

Trp

Leu

Pro

2la

360

Ser

Tle

Glu

Thr

Lys

440

Leu

Leu

Thr

Agn
520

Thr

Val

Leu

Trp

Leu

Thr

185

Leu

Agn

Agn

Lys

265

ATg

Phe

Val

Ala

Leu

345

Leu

Ser

Ser

Agn

Arg

425

Thr

Ala

Phe

Leu
505

Gly

Tle

ASDP

Ala

Gln

585

Met

ASDp

His

Gly

Gly

Hisg

250

Phe

Leu

Glu

Phe

330

2la

Glu

Gly

Thr

2la

410

Arg

Thr

Val

Gly

2la

490

Sexr

Tle

ASp

Val

Leu

570

Ala

Agn

Phe

sSer

Asnh

Ser

235

Gln

Gly

Ser

Val

ATrg

315

ATrg

Glu

Thr

ASpP
395

Leu

Asnh

Glu

Leu

475

ATrg

Ser

Leu

Glu

ASpP
555

Arg

Ser

-continued

Ser

Asn

Leu

220

Val

AsSn

ASn

Met

Glu

300

ASpP

Leu

Tle

Gln
280

Ser

Tle

Hig

ASP

460

Glu

Gln

Pro

Thr

Leu

540

ASDP

ASDP

Met

Leu

Glu

205

Phe

Pro

Ala

Val

285

Tle

Glu

Leu

Thr

His

365

ITle

ASn

Phe

Gln

Ser

445

Phe

Arg

Glu

Thr
525

Thr

Asp

Ala

Val

Leu

Met

120

Met

ASP

Agn

Gly

Val

270

ASP

Gln

ATrg

Agn

350

Ala

Leu

ATrg

Pro

Leu

430

Ser

Trp

Thr

Leu

510

Val

AgSh

Ile

Thr
590

ATrg

Leu

ASP

Trp

Ser

Cys

255

Pro

Thr

Agn

Tle

Ile

335

Glu

Ser

Leu

Ile

415

Agn

Thr

Val

2la

495

Ser

Val

Leu

Cys
575

Ser

Glu
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His

Gly

Agn

Pro

240

Leu

Thr

Ile

Val

Phe

320

Agn

Leu

His

Ser

Ser

400

Agn

Agn

Tle

Val
480

ASp

ASDP

ITle

Ser
560

Trp

His

Ala

44



Tle

Asn
625

ASDP

Val

Val

705

Met

Asn

Tle

Trp

610

ala

Phe

His

Ile

2la

690

Val

ASpP

ASpP

Tle
770

595

Thr

Val

Agn

Hig

675

Leu

Glu

Leu

Ala

ASP
755

ATrg

Val

Gly

Leu

660

Ser

His

Glu

Ile

Phe

740

Gly

Agn

AsSp

Ser

Pro

645

Phe

Phe

Leu

Met

Phe

725

Trp

Phe

Pro

<210> SEQ ID NO b5

<211> LENGTH:

<212> TYPE:

<213>

PRT

ORGANISM:

<400> SEQUENCE:

Met Asp Ala Val

1

Tle

Leu

ATrg

Leu
65

Val

Ser

ASp

Val

145

Leu

Gly

Gly

Ser

Ile

Lys
130

Hig

His

Gly

Ser

35

Pro

Glu

Pro

Ser

Ser

115

Thr

ATrg

ATg

Glu

Thr
20

Glu

Tle

Agn
100

Thr

Met

His

Ile

Phe
180

513

Ala

Phe
630

Ser

Met

710

Glu

Agn

Thr

Leu

45

Tvr

615

Ala

Leu

Leu

Arg

ASn

695

Met

Glu

Met

Gly

Val
775

600

Val

Leu

Ser

Met

Glu

680

Gly

Met

Agn

Agn
760

Leu

Pro

Gly

Glu

Ser

665

Phe

Glu

Ile

Gly

His

745

Thr

Val

Stevia rebaudiliana

Thr

2la

Thr

Vval

Tyvr
85

Glu

ATy

Vval

Tle

Hig

165

Vval

Gly

Val

Ser

Pro

Pro

70

Ser

Tle

AsSn

Ala

Leu
150

ATg

Leu

Ala

Ala

Gly
55

Tle

Ala

Leu

Met

135

Thr

Asp

Asn

Leu

Leu

Arg

40

Val

Met

Ser

120

Ser

Ala

Ile

Agn

Thr

Ala
25

Pro

Thr

Thr

Glu
105

ASDP

Val

Met

Pro
185

Thr

Pro

Glu

650

Thr

Ser

Ser
730
Val

Ile

Agn

Val

10

Val

Sexr

Leu

Phe

Gly

50

2la

ala

Leu

Met
170

Glu

Leu

Ile

635

Ile

Gln

Glu

Gly

Agnh

715

Ile

Leu

Leu

Glu

Pro

Ala

Gln

Leu

Thr

75

Ala

Leu

Leu

ASp

Gly

155

ASDP

Gln

-continued

ASn

620

Val

Val

Gly

Gly

Lys

700

Val

ASn

ASpP

AsSn
780

Ala

Leu

Ser

Gly

60

AYg

Thr

Val

ASD
140

Pro

AsSn

Glu

605

Glu

Lys

Glu

Arg

Lys

685

Vval

Arg

Pro

Phe

Thr

765

Glu

Thr

Tle

Agh

45

ASn

Trp

Ser

Thr

Val

125

AsSn

Ile

Glu

Pro

Ser

Leu

670

Leu

Glu

ATg
Phe
750

Val

Glu

Ala

Phe
20

His

Leu

Ala

Met

ATrg

110

Leu

His

Ala

Ser

Val
190

Met

ala

Ser

655

Leu

Agn

Glu

Glu

Ala
735

Gln

Tle
15

Trp

Leu

Leu

2la

Val

55

Phe

Thr

Gln

Thr
175

ASpP

US 9,284,570 B2

Glu

Ile

640

Glu

Agn

Ala

Glu

Leu

720

Ala

ASpP

Arg

Thr

Pro

Gln

Thr

80

Val

Gln

Ala

Thr

Lys

160

Gln

Leu

46



ATrg

Leu

Met

225

Gly

Val

ATrg

Ala

Ala

305

Tle

Tle

Gln

Ser

385

Leu

Agn

Thr

Ala

465

Glu

Leu

Tle

<210>
<211>

<212>
<213>

<400>

Gly

210

Agn

2la

Pro

Glu

Ser

290

Gln

Tle

Glu

Leu
370

Pro

Gly

Gly

Pro

Met

450

Leu

Trp

Thr

Tle
195

Ile

Agn

Ala

275

Gly

Thr

Glu

Leu

Ser

355

Pro

Val

Gly

Glu
435

Ala

Leu

Thr

Phe

ASP

ASDP

ASP

Lys

260

Val

Glu

Leu

Ser

Ala

340

Val

Pro

Agn

420

ATrg

Phe

Thr

Leu

Gln
500

PRT

ORGANISM:

SEQUENCE :

Gln

Val

Glu

Val

245

Met

Thr

Ser
325

Ile

ITle

His

405

Met

Phe

Gly

Ala

Lys

485

Met

SEQ ID NO 6
LENGTH:

TYPE:

4°76

Ser

Glu

Tle

230

ASpP

Phe

Leu

ASpP

310

ASpP

Asn

Gly

Thr

Tle

390

Val

ASpP

Met

Gly

Ser

470

ASpP

Leu

47

Glu

Ser

215

Phe

Trp

Glu

Ser

Asn

295

Gln

Thr

Pro

Ser

Ala

375

Pro

Pro

Gly
455
Ile

Met

Arg

Leu
200

Leu

Gln

ATy

Agn

Leu

280

Ser

Gln

Thr

Glu

360

Ile

Leu

2la

Agn

Glu
440

Gly

Thr

Pro

Phe

Val

ASP

Thr

265

Tle

Leu

Met

Leu

345

Phe

Arg

Gly

Val

425

Agn

ATrg

Ile

Gln

Leu
505

Stevia rebaudilana

6

Met Ile Gln Val Leu Thr Pro Ile Leu

1

5

Phe Trp Lys Val Tyr Lys His Gln Lys

20

25

Gly

Val

Leu

Phe

250

Ile

Ile

Leu

Val

330

Gln

Tle

His

His

Thr

410

Trp

Glu

Val

Gly

Glu
490

Leu

Glu

Val

235

Phe

Gln

Glu

ASDP

Met

315

Thr

ASD

Thr

Glu

Val

395

Glu

Glu

Thr

AYg
475

Glu

Ala

-continued

Ala

ASpP

220

Val

Pro

Gln

Hig

Tvr

300

Ser

Thr

AYg

Glu

Thr

380

His

Leu

Asn

Tle

Ala

460

Met

Val

Tle

Met Arg Gln

205

Leu

Asp

Met

Lys

285

Leu

Leu

Glu

Leu

Glu

365

Leu

Glu

Ala

Pro

Asp

445

Gly

Val

AsSn

Tle

Leu Phe Leu Ile

10

Thr Lys Ile Asn

Gly Ser Phe Gly Trp Pro Phe Leu Gly Glu Thr Leu Ala

35

40

45

Lys

Pro

Leu

Tyzr

270

Leu

Trp

Trp

Tyr

350

His

ATg

ASP

Val

Glu

430

Phe

Ser

Gln

Thr

Lys
510

Ile

Met

Lys

255

Ile

Arg

Ser

Glu

2la

335

ATy

Leu

Arg

Thr

Agn

415

Glu

Gln

Leu

Glu

Tle

495

Pro

US 9,284,570 B2

2la

Thr

Met

240

Trp

Tle

Glu

Pro

320

Met

ASpP

Ser

His

Val

400

Tle

Trp

Gln

Phe
480

Gly

Phe Phe Val

15

Leu Pro Pro

30

Leu Leu Arg

48



Ala

Lys

65

Phe

Glu

Phe

ATrg

Tvr

145

Trp

Ala

His

Tle

Lys

225

ATrg

Leu

Glu

ASp

Hig

305

Met

Pro

Gly

Thr
385

Ser

Gly

Val

Leu

Gly

50

His

2la

Agn

Gly

Lys

130

ala

Arg

Phe

Ile

Glu

210

2la

Ser

Glu

Thr

290

Ser

Thr

Val

Tyr
370

Gln

Arg

Gly

Leu

Tle
450

Gly

Trp

Gly

Val

Lys

115

Met

Val

Gly

Glu

Ala

195

Leu

Ala

Leu

His

Glu

275

Ser

ASP

Tle
355

Thr

ATrg

Phe

Gly

Ala

435

Pro

Leu

ASDP

Ser

Leu

Leu

100

Ser

Leu

Thr

Leu
180

Pro

Ala

Glu

Leu

260

Ile

Ala

Val

Glu

Ser

340

Gly

Tle

ASDP

Glu

Pro
420
Phe

ASP

Pro

Ser

Pro

Cys

85

Val

Leu

Leu

Met

Glu

165

2la

Leu

Tle

Ala

Leu

245

Leu

Val

Leu

Ala

325

Trp

Thr

Pro

Glu

Gly

405

Leu

Glu

Tle

Glu

Leu

70

Gly

Ala

Leu

Ser

ASP

150

Glu

Gly

ASpP

ITle

230

Thr

ASpP

Ser

ASpP

310

Trp

Ser

Ala
390

Ala

Met

His

ATrg

49

Pro

55

Val

Pro

Ser

Thr

Tvr

135

Val

Val

Arg

Ser

Val

215

Arg

Glu

Ser

Asn

Tle

295

Glu

Val

Arg

Gly

375

ASn

Gly

Asn

Tle
455

Leu

Glu

Phe

2la

Trp

Ile

120

Leu

Val

Agn

Leu

Leu

200

Pro

Ile

Gly

Pro

Ile

280

Thr

Val

Ser

Tle

Glu

360

Trp

Phe

Pro

Leu

Ile

440

Glu

His

ATrg

Gly

Trp

105

Gly

Thr

Val

Phe

185

Phe

Gly

Glu

ASDP

265

Leu

Leu

Leu

Leu

Cys

345

Ala

Glu

Thr
Gly
425

Val

Pro

Phe

Thr

Agn

50

Pro

Gly

Pro

Arg

Phe

170

Met

Agn

Thr

Leu

Ala

250

Glu

Leu

Leu

Lys
330

Glu

Leu

Leu

ASp

Pro

410

Thr

ASp

His

Val

sSer

75

Val

ASD

ASpP

ATg

155

Gln

Agn

Ile

Arg

Lys

235

Ser

Agnh

Leu

Met

Glu

315

Trp

Val

Val

His

Val
395

Phe

Glu

Agnh

Pro

Gln

-continued

Arg Glu Arg Ile

60

Leu

Phe

Pro

Glu

Ala

140

Hisg

Thr

Leu

Phe

Phe

220

Ser

Gly

Leu

Lys

300

Gln

Glu

Met

ASpP

Trp

380

Thr

Thr

Phe

Phe

Met

460

Val

Phe

Leu

Val

Ala

125

Phe

Ile

val

Asp

Leu

205

Leu

Ser

Met

Phe

285

Thr

Leu

Asp

Arg

Tle

365

Ser

Arg

Phe

Ala

Lys
445

Ala

Gly

Phe

ATg

110

Ala

ASP

ASP
190

Ser

Ile

Gln

Phe

270

Ala

Leu

Glu

Ile

Leu

350

ASP

Ala

Phe

Val

ATrg
430

Trp

Thr

ASP

Cys

55

Lys

Trp

Thr

Val

Leu

175

Pro

Gly

Ser

ASpP

255

Leu

Gly

Gly

Tle

Gln

335

Agn

Val

ASP

Pro
415
Leu

ASP

Pro

US 9,284,570 B2

ATrg

80

Agn

Leu

Met

His

His

160

Agn

Ile

2la

240

Leu

Thr

His

Glu

Ser

320

Pro

b2la

Ser

Pro
400

Phe

Glu

Leu

Ala

50



465

<210> SEQ ID NO 7

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: Taxus cugpilidate

PRT

<400> SEQUENCE:

Met Gln Ala Asgsn

1

Leu

Gly

Thr

Leu

655

Thr

Glu

Gly

Glu

ASpP

145

Glu

Thr

ATrg

ASh

Val

225

ASP

Val

Thr

ITle

Gln

305

Val

ITle

Gly

Leu

Glu

50

Val

Gln

Glu

Thr

Ala

130

Agn

ASp

Glu

Arg

210

Leu

ASpP

Trp

Ser

Tvyr

290

Agn

2la

Hig

ASp

ASP
Gly
35

Agn

Ala

Glu

Gln
115

Leu

Agn

Pro

195

Gln

Tle

ASP

Pro

Ala

275

ASP

Gly

Val

Leu

His
355

Ile
20
Gly

Ser

Pro

Glu

100

Thr

Ala

Ala

Ala

Ala

180

Trp

Glu

Gln

Glu

260

Thr

Ser

Gln

ATg

Glu
340

Val

717

7

Ser

5

Ser

Asp

Gln

Val

Ala

85

AsSp

Gly

Arg

2la

Phe

165

2la

Leu

Glu

Gln

Cvs

245

Leu

Pro

Val

2la

Arg

325

Phe

Gly

470

ASh

ATrg

Leu

Agn

Phe

70

Val

ASpP

Thr

ASpP

150

Phe

ATrg

Ser

His

Gly

230

ITle

ASP

Val

Vval

310

Glu

ASP

Vval

51

Thr
Leu
Gly
Leu
55

Phe
Arg
Ser
Ala
Glu
135
AsSp
Met
Phe
AsSp
Phe
215
Ala
Glu
Gln

Thr

Ser
295

Leu

ITle

Hisg

Val

ASP

2la

40

Met

Phe

Pro

2la

Glu

120

Glu

Leu

Leu
200

Agh

ASP

Leu

2la
280

Val

ASDP

His

Ser

Thr
260

Glu

His

25

Met

Tle

Val

Thr

Lys

105

Gly

Ala

Gln

Ala

Lys

185

Thr

ASP
Leu
265

Ala

Tle

Thr

ASP

345

Glu

Gly

10

Tle

Thr

Leu

Trp

Pro

50

Phe

Val

Thr
170

Trp

Val

Leu

Phe

250

Arg

Tle

Glu

His

Pro
230

Thr

Agn

475

Ala

Phe

Gly

Thr

ATYg

75

Leu

Ala

Phe

Glu

155

Phe

Gly

Ala

Val

235

Thr

ASpP

Pro

Glu

His

315

Leu

Gly

Ser

-continued

Ser

Ala

Ser

Thr

60

AYg

Val

Val

Lys

140

Glu

Gly

Leu

Val

Lys

220

Pro

Ala

Glu

Glu

Thr

300

Pro

Ser

Leu

Tle

Gln

Leu

Ala

45

Ala

Gly

Thr
Ala
125

Val

Asp

Glu

Phe

205

Ala

Vval

Trp

Asp

Tyr

285

Hig

Asp

Ile

Glu
365

Gly

Leu

30

Leu

Leu

Gly

Glu

Tle

110

Leu

Val

Leu

Gly

Gly

120

Gly

Val

Gly

ATg

ASP

270

ATrg

Ala

ATrg

ATrg

Tyr

350

Thr

Lys

15

Leu

Ile

2la

Ser

Glu

55

Phe

2la

ASpP

Glu

175

Leu

ASpP

Leu

Glu

255

Glu

Val

Leu

Ser

Ser

335

Glu

Val

US 9,284,570 B2

Ser

Agn

Leu

Val

ASpP

80

ASpP

Phe

Glu

Leu

Lys

160

Pro

Glu

Gly

Glu

Gly

240

Gln

Pro

Glu

Agn
320

Thr

Glu



Glu

Hig

385

Pro

Ala

Ala

Ser

ATg

465

Leu

Thr

Gly

Hig

545

Leu

Gly

Glu

Agn

Glu

625

Ala

Thr

Ala

Gln

Lys
705

2la

370

Gly

Pro

ASpP

Hig

Pro

450

Ser

Gly

Ser

Val

530

ASpP

Pro

Phe

2la

Arg

610

Thr

Trp

Glu
690

Leu

Ala

ASP

Phe

Leu

Ala

435

Ala

Leu

Val

Tle

Ala
515

Ala

Ala

Gly

595

Gln

Gly

Ser

Gly
675

Gln

Gln

Pro

Leu

420

Ser

Gly

Leu

Phe

Ser

500

Leu

Ser

Ser

ASP

Pro

580

Glu

Met

Tle

Glu

Leu

660

Met

Glu

Met

Leu

Glu

Gly

405

Asn

Asp

Glu

Phe

485

Ser

Val

Asn

Trp

Ser

565

Phe

Asp

Leu

Tyr

645

Tle

2la

Ser

AsSp

<210> SEQ ID NO 8

<211> LENGTH:

<212> TYPRE:
<213> ORGANISM: Stevia rebaudiana

PRT

<400> SEQUENCE:

710

8

Leu

ASpP

390

Pro

Pro

Pro

ASpP

ITle

470

Ala

Ser

Trp

Ala

550

Thr

ATrg

Leu

Thr

630

Val

Ala

ATrg

Val

Gly
710

53

Gly
375

Gly

Pro
Ala
Glu
455
Met
bAla
Pro
Gly
Met
535
Pro
Thr
Gly
Gly
Tle
615
Asn
Gln
Gln
AsSp
Asp

695

Arg

Tyr

Thr

Thr

ATy

Glu

440

Ala

Tle

ATrg

Pro

520

Val

Pro

Phe

Pro

600

Leu

Hig

Gly

Val

680

Ser

Gln

Pro

Leu

Lys

425

Ala

Ser

Glu

Ala

Phe

505

Ser

Agn

Phe

Tle

Leu

585

Ala

Glu

Tle

Gly
665
His

Ser

Leu

Leu

Leu

Arg

410

2la

Glu

Gln

Phe

Pro

490

2la

Pro

Ser

Val

Val

570

Gln

Val

ASp

Val

Met
650

Arg

ASpP

Gly

395

Thr

Ala

ATrg

Trp

Pro

475

Arg

Pro

Thr

Leu

ATYg

555

Met

Glu

Leu

Glu

Ala

635

Leu

Leu

Thr

Ala

ASpP
715

-continued

Thr
380

Gly

Ala

Phe

Leu

Val

460

Ser

Leu

Ser

Gly

Pro

540

Gln

Val

AYg

Phe

Leu

620

Phe

Glu

Leu

Glu
700

Tle

ITle Phe Serxr

Ser

Leu

Leu

Lys

445

Thr

Ala

Gln

Arg

Arg

525

Ser

Ser

Gly

Ala

Phe

605

Ser

val
His
685

Phe

Trp

Ser

Ala

Ala

430

Phe

Ala

Pro

Tle

510

Ile

Glu

Agn

Pro

Lys

590

Gly

Gly

ATrg

Ala

Cys

670

Thr

Leu

Leu

Arg

415

Leu

Leu

Ser

Pro

Arg

495

His

Hig

Glu

Phe

Gly

575

Leu

Glu

Ser

655

Gly

Tle

Val

US 9,284,570 B2

Val

Pro

400

2la

Ser

Gln

Pro

480

Val

Thr
Lys
560

Thr

Gln

Val

Gly

640

ASpP

ASp

Val

Met Gln Ser Asp Ser Val Lys Val Ser Pro Phe Asp Leu Val Ser Ala

1

5

10

15

Ala Met Asn Gly Lys Ala Met Glu Lys Leu Asn Ala Ser Glu Ser Glu

20

25

30

54



ASDP

Leu

Val

65

Pro

Val

Gly

Arg

Ala

145

Phe

Ala

Leu

Glu

Met

225

Leu

Ala
Hig
305

Leu

Tle

Gly
Gly
385

Thr

Glu

Pro

Leu

50

Phe

Val

ASpP

Thr

Tyr

130

ASpP

Phe

Agn

His

210

Gly

Ile

ASp

Thr

ASp

290

ASpP

His

Sexr

Ser

Leu

370

Thr

Leu

Lys

2la

Thr

35

Thr

Leu

Pro

ASP

Ala

115

Glu

ASP

Phe

Phe

Lys

195

Phe

Ala

Glu

Gln

Ala

275

Ser

Ala

Thr

His

Glu

355

Ser

Pro

Val

ASP
435

Thr

Leu

Met

Gln

Gly

100

Glu

ASP

Leu

Tyr

180

Leu

Agnh

ASP
Leu
260

Ala

Gln

Ser

Thr

340

Agn

Pro

Tle

ASP

Ala
420

ATrg

Leu

Phe

Trp

Val

85

Gly

Thr

Glu

Ala

165

Gln

Asp

245

Leu

Val

Ala

His

Gln

325

Gly

Leu

Asp

Gly

2la

405

Leu

Leu

Pro

Thr

ATrg

70

Tle

Phe

Ser

Tyr

150

Thr

Trp

Tle

Leu

230

Phe

ATrg

Leu

Glu

Pro

310

Ser

Leu

Ser

Thr
Gly
390

Leu

Leu

3

Ala
Thr
55

Arg

Val

Ala
Phe
135

Glu

Phe
Gly
Ala
215
Val
Thr
Asp
Glu
Asp
295
sSer
Asp

Ser

Glu

375

bAla

Thr

Ala

Phe

Leu

40

Ser

Ser

Val

Val

Lys

120

Glu

Gly

Thr

Val

200

Tle

Pro

Ala

Glu

Tyr

280

Gln

ATrg

ATy

Val
360

Phe

Ser

ATrg

Leu

Leu
440

Phe

Ser

Ser
105
Ala

Val

ASP

Glu

185

Phe

Val

Val

Trp

ASDP

265

ATrg

Thr

Ser

Ser

Glu

345

Val

Ser

Leu

Ala
425

Ala

Met

2la

Ser

Lys

50

Tle

Leu

Tle

Leu

Gly

170

Gly

Gly

Val

Gly

Lys

250

ASp

Val

His

Agn

Cys

330

Thr

ASp

Val

Pro

2la

410

ala

Ser

Leu

Val

Lys

75

Phe

Val

ASp

Lys

155

Glu

ASpP

Leu

ASpP

Leu

235

Glu

Thr

Val

Thr

Val

315

Thr

Gly

Glu

His

Pro
395
ASpP

His

Pro

-continued

Val
Leu

60

Glu

Glu

Leu

140

Pro

ASpP

Gly

ASDP

220

Gly

Leu

Ser

Agnh

300

Ala

Hig

ASDP

Ala

Ala

380

Pro

Val

Ala

Ala

Glu
45
Tle

Leu

Gly

Glu

125

Asp

Glu

Thr

Asn

205

Asp

Val

val

His

285

Gly

Phe

Leu

His

Leu

365

Asp

Phe

Leu

Ser

Gly
445

Agn

Gly

Val

Glu

Thr

110

Ala

ASP

Ser

ASP

Gly

120

ATrg

Leu

ASP

Trp

Thr

270

ASP

His

Glu

Val
350

Pro

Ser

ASP
430

ATy

Gln
Ser
G5

Gln

Leu

Agn

175

Glu

Gln

Thr

ASpP

Pro

255

Thr

Val

Phe
335
Gly

Leu

Glu

Pro

Ser

415

Pro

ASpP
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Glu

Leu

ASpP

80

Glu

Thr

Val

Ala

2la

160

Ala

Trp

Glu

Gln

240

Glu

Pro

Pro

Val

Glu

320

ASpP

Val

Leu

ASpP

Cys

400

Pro

Ser

Glu

56



Gln
465

Val

Thr

ITle
545
Pro

Phe

Ser

Leu

625

His

Gly

Val

Ser

Tyr
705

2la

450

Ser

2la

Met

Thr

Agn

530

Phe

Val

Leu

Ser

Glu

610

Ile

2la

His

Ser

690

Leu

Gln

Phe

Pro

Ser

Pro

515

Ala

Val

Tle

Gln

Ile

595

ASP

Val

Met

ATrg
675

ATrg

Trp

Pro

ATrg

Pro

500

Ala

Val

ATg

Met

Glu

580

Phe

Glu

Ala

Ser

Leu

660

Thr

Ala

ASP

Tle

Ser

Leu

485

Asn

Gly

Pro

Thr

Tle

565

Arg

Phe

Leu

Phe

Gln
645

Leu

Glu

Val

<210> SEQ ID NO 9

<211> LENGTH:

<212> TYPERE:

<213>

PRT

ORGANISM :

<400> SEQUENCE:

Met Ala Thr Ser

1

Ala

Leu

Thr

Asn
6b

Ala

Thr

Ser

Thr

50

Val

Glu

2la

Phe

Lys

35

Arg

Val

Ala

Val

Pro
20

Leu

Agn

Gln

Thr

ASDP
100

4°73

Val

Ala

470

Gln

ATg

ATy

Leu

Ser

550

Gly

Leu

Phe

Agn

Ser

630

Val

His

Leu

Trp
710

S7

Ala

455

Pro

Ile

ITle

Thr

535

Asn

Pro

Ala

Gly

Asn

615

Arg

Ala

Thr

Tvyr
695

Agn

Pro

Arg

His

Hig

520

Glu

Phe

Gly

Leu

Cys

600

Phe

Glu

Ser

Gly

Ile

680

Val

Gln

Pro

Val

505

Ser

ATg

Thr

Lys

585

ATg

Val

Gly

ASP

ASDP

665

Val

Stevia rebaudiana

AsSp

Trp

Ile

Tle

Leu

Thr
85

Gly

Ser

Leu

Ala

Gln

Thr

70

ASP

Leu

Tle

Ala

Glu

Arg

55

Leu

Val

Gln

Val

Phe

Lys

40

Leu

Pro

Hig

Pro

ASP

Gly

25

Gly

Ser

ATrg

Pro

Glu
105

Arg

Leu

Tyr

490

Thr

Gly

Pro

Leu

Gly

570

Glu

Agn

Glu

Thr

Tle

650

2la

Gln

Agn

ASp

10

Hisg

Hisg

Ser

Val

Glu
90

Val

Ser
Gly
475

Ser

Leu

ASpP

Pro

555

Leu

Ser

ATrg

Thr

Ala

635

Trp

Glu

Leu

ATrg

Ile

His

Gln
75

ASDP

Thr

-continued

Leu Leu Glu Val

460

Val

Tle

Ala

Cvys
540
Val

Ala

Gly

Gly
620

Gly

Gln

Gln
700

Leu

Val

Tle

60

Glu

ITle

ATYg

Phe

Ser

Leu

Ser

525

Ser

Asp

Pro

Thr

Val

605

Ala

Glu

Leu

Met

Gly

685

Met

Gln

Pro

Ser

45

Ser

Leu

Gln

Phe

Phe

Ser

Val

510

Thr

Gln

Pro

Phe

Glu

590

ASP

Leu

Leu
Ala
670

Ser

Ser

Leu

Phe
20

Phe

Pro

Pro

Leu
110

2la

Ser

495

Trp

2la

Arg

575

Leu

Phe

Ser

Val

Ser

655

Leu

Gly

His
15

Leu

Leu

Leu

Glu

Leu

S5

Glu
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Met

2la

480

Pro

Glu

Met

Ser

Val

560

Gly

Gly

Ile

Glu

Gln

640

Glu

ASDP

ASpP

Arg

Val

Gln

Ser

Tle

ASp
80

Gln

58



His

Ser

Thr

145

ASh

Ala

Met

Hig

225

Val

Glu

Gln

Ser

Leu

305

ASP

Gly

Glu

Glu

ASp

385

Glu

Ala

Glu

Arg
465

Ser

Tle

130

Pro

ASp

Trp

Arg

Gly

210

Glu

Pro

Gln

290

Pro

Ser

Leu

Ser

Gly

370

Gln

Ile

Arg

2la

Lys

450

2la

Pro

115

Ala

Trp

Ser

Phe

Met

195

Met

Phe

Val

ASP

Gly

275

Thr

Phe

Val

Val

Val

355

Leu

Pro

Pro

Ser

Agn

435

Glu

Val

ASP

Ala

Thr

ASP

Pro

180

Glu

Val

Gly

Val

Glu

260

Ser

Glu

Val

Glu

Trp

340

Met

Leu

ATg

Leu

420

Ala

Ala

Trp

Ser

Ile

Gly

165

Phe

Pro

Phe

Thr

Pro

245

Thr

Val

Val

Trp

Leu

325

Thr

Gly

Phe

AsSn

Asn

405

Arg

Arg

Val

Tle

«210> SEQ ID NO 10

<211> LENGTH:

<212> TYPE:
<213> QORGANISM: Stevia rebaudiana

PRT

<400> SEQUENCE:

468

10

ITle

Leu

Ala

150

ATrg

Pro

Gln

230

Val

Trp

Val

Val

Ala

310

Pro

Ser

Phe

Gly

Ala

390

Glu

Ser

Glu

Ser

ASpP
470

59

Ile
Gly
135
Thr
Thr
Glu
Gly
215
Trp

Gly

Val

Glu
295
Asp
Trp
Leu
His
375
Arg
Glu
Val

Leu

Gln
455

Hisg

Tyzr
120
Ile

Leu

Thr

2la

200

Ser

Leu

Leu

Ser

Val

280

Leu

ATrg

Gly

Ala

Thr

360

Pro

Leu

ASP

Val

Ser

440

Phe

Glu

ASP

Ser

Ala

Val

Val

185

Pro

ASDP

Pro

Leu

Tle

265

Ala

Ala

Phe

Pro

345

His

Leu

Leu

Gly

Val

425

Val

Ser

Phe

Arg

Pro

Glu
170

Leu

Pro

250

Leu

Leu

Pro

Val

330

Gln

Tle

Glu

Cys

410

Glu

Tle

ASpP

Thr

A2la

Ser

155

ASpP

Trp

Ile

Leu

Leu

235

Pro

Gly

Gly

Lys

315

Glu

Leu

Gly

Met

ASpP

395

Leu

AgSn

-continued

His

Tvyr

140

Ser

Leu

ATYg

Ser

Leu

220

Glu

Glu

Trp

Ser

Leu

300

Gly

ATYJ

ATYg

Ser

Leu

380

Thr

Glu

ASn

Leu
460

Tyr
125

Phe

Asp

Thr

Asp

205

Phe

Thr

Ile

Leu

Glu

285

Glu

Pro

Thr

Tle

Gly

365

Pro

Gln

Gly

Asp
445

Glu

Trp

2la

Thr

His

120

Gly

Leu

Pro

ASP

270

2la

Leu

Ala

ATg

Leu

350

Ser

Leu

Val

Glu

Glu

430

Thr

Leu

Val

Met

Pro

175

ASpP

His

Gly

255

Gly

Leu

Ser

ASP

335

Ser

Tle

Phe

Gly

Ser

415

Tle

Agn
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Pro

Tle

Ile

160

Pro

Leu

ATrg

Gln
240

ASpP

Val

Gly

Ser

320

ATrg

His

Val

Gly

Tle

400

Val

Val

Ala

Met Pro Ile Ser Agsp Ile Asn Ala Gly Ser His Ile Leu Val Phe Pro

60



Leu

Leu

Ala

65

Glu

Ala

Pro

His

Ser

145

Pro

Gly

Thr

225

Hig

Thr

ASp

Met

Lys

305

Hig

Val

ITle

Agn

Pro
385

ASp

Pro

ala

Pro

50

Leu

Agn

Leu

Agn

Hisg

130

Gly

Tle

Arg

Phe

210

Glu

ASpP

Sexr

Thr

Val

290

Ser

Glu

Ser

Leu

Ser

370

Met

Val

Glu

Ala

Ile

35

Thr

Leu

Val

Gly

Pro

115

Leu

Ala

ATrg

Pro

Ser

195

Leu

Leu

Gln

Gly

Cys

275

Leu

Arg

Ala

Gly

Ser

355

Val

Ser

Gly

Leu

Gln
20
ATg

Tle

Leu

ASDP

100

Pro

Ala

Leu

Ile

Agn

180

Ala

Glu

Val

ATy

260

Ala

Thr

Val

Ala

ATJg

340

Hig

Met

Ala

Ile

Ala
420

Gly

Asn

Ser

Pro

Asp

85

Leu

Val

Val

Ala

Asp

165

Ser

Val

Asp

Gln

Phe

245

Gly

AsSp

Asn

AsSn
325

Gly

Asp

Glu

AsSp

Lys

405

Glu

His

Leu

Pro

Leu

70

Leu

Ala

Glu

Leu

150

Val

Pro

Glu

ITle

Val

230

Ala

Gly

ATrg

Gly

Phe

310

Leu

Ser

Ala

Gln

390

Val

Leu

61

Met
Thr
Leu
55

Pro
Pro
Asn
Ile
Leu

135

Ser
Glu
Glu
Gly
Ala
215
Val
Ser
Thr
Gln
295
Val
Gly

Val

Val
Val
375

Phe

Phe

Leu

Ile

40

Leu

Pro

Agn

Pro

Ile

120

Gly

Val

Agn

ASP
200

Ser

Val

Gly

Ser

Val

280

Met

Trp

ATrg

Ile

Gly

360

Ala

Ser

Glu

Ser

Thr

25

Thr

Ala

His

ASP

Leu

105

Ser

Ile

Tle

Glu

Pro

185

Pro

Trp

ASDP

Pro

Ser

265

Val

Glu

Ser

Val

ATg

345

Val

Ala

Agn

Gly

Lys
425

10

Leu

Ile

Ala

Pro

ala

50

ASpP

Arg

Phe

Lys

170

Trp

ASp

Gly

His

Leu

250

AgSh

Val

Val

Pro

330

Gly

Phe

Glu

2la

Ser
4710

Ser

Leu

Leu

His

Ala

75

Phe

ASpP

Phe

ATYg

Ser

155

Glu

Trp

Ser

Ile

Leu

235

Leu

ASpP

Val

Val

Liys

315

Pro

Trp

Leu

Val

Thr
395

Agnh

Leu

-continued

ASp

Val

Pro

60

Tle

Trp

Phe

Tvr

140

Leu

Ala

Gln

Glu

Val

220

Pro

Val

Ala
200

Glu

Gly

Val

Thr

Leu

380

Leu

ITle

Ser

Leu

Thr

45

Thr

Pro

Ala

Phe

Leu

125

Thr

Trp

Ile

Leu

Phe

205

Ile

His

Pro

Leu

Phe

285

Leu

Pro

Phe

Pro

Hig

365

Met

Leu

Val

Asp

Thr

30

Pro

Thr

Ser

Met

ATrg

110

Gly

Phe

ATrg

Ser

120

Tle

Agn

Glu

Gly

Ser

270

Gly

Gly

Thr

Glu

Gln
250

Leu

His

Pro

Glu
430

15

His

Val

Gly

Met

55

Agn

Trp

Ser

Phe
175

Pro

Ser

Leu

ASP

255

Trp

Ser

Leu

Val

ASpP

335

Val

Gly

Thr

Glu

Agn

415

Thr
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Gln

Agn

Ser

Tle

80

Val

Gln

Thr

Pro

Gln

160

Pro

Tle

ASp

Phe

Gly

240

Leu

Gln

Glu

Gly

320

ATrg

Ala

Trp

Trp

Leu
400

Ser

62



Leu

Val

Asn
465

Glu

Gly
450

Leu

ATy
435

Pro

Ser

63

-continued

US 9,284,570 B2

Lyvs Arg Val Lys Glu Phe Ala Lys Ser Ala Lys Glu Ala

440

445

Lys Gly Ser Ser Val Gly Glu Leu Glu Arg Leu Val Asp

Leu

«210> SEQ ID NO 11

<211> LENGTH:

«212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Ala Glu Gln

1

Pro

ATrg

Thr

Glu

65

Ala

Leu

Ala

Glu

Agn

145

Gly

Thr

Gln

Phe

ATrg
225

Pro

Asnh
305

Agn

Phe

Leu

Leu

50

Tle

Gly

Ala

Tle

Phe

130

Ser

Glu

Pro

Met

Thr

210

Leu

Glu
Glu
290

Phe

Leu

Pro

Tle

35

Agn

Gln

Glu

ASP

Tle

115

Gly

Leu

Thr

Leu

Leu

195

Agn

Tle

ASP

Ala

Ser

275

Gln

Leu

Ser

Leu

20

Ser

Ser

Ala

Ser

Leu

100

Ile

Val

Ile

180

Phe

Ser

Trp

Agnh

260

Val

Val

Trp

Glu

460

455

Stevia rebaudilana

11

Gln
5

Gln

Thr

Tle

Tyr

85

ITle

AsSp

Asp

Ser

165

Leu

Gly

Phe

Agh

Arg

245

His

Vval

Glu

Val

Vval

Gly

Gly

Leu

Ser

70

Leu

Ser

Gly

His

150

Val

Gln

Gln

Leu
230

Leu

His

Glu

Tle
210

Tle

ITle

Hisg

Val

Asn

55

Asp

Glu

Met

Gly

135

Val

Pro

Asn

Phe

Lys

215

AsSp

Glu

Val

Ile
295

Tle

Lys

40

Hig

Gly

Thr

Leu

Thr

120

Ser

His

Gly

Hig

Ala

200

Leu

Val

ASP

2la
280

Thr

His

Thr

Agn
25
Thr

Ser

Phe
Gln
105

Glu

Phe

Phe

Glu

185

Agn

Glu

Tle

ASDP

Met
265

Phe

ATrg

Gly

Ser

10

Pro

Thr

Agn

ASp

Lys

S0

Sexr

Trp

Phe

Gly

Pro

170

Gln

Tle

Glu

Gly

Lys

250

AgSh

Gly

2la

Glu

Pro

Phe

Leu

Thr

Glu

75

Gln

Glu

Val

Thr

Leu

155

Val

Ile

ASp

Glu

Pro

235

ASpP

Trp

Ser

Leu

Glu
315

Gly

460

Hisg

Tle

Val

Thr

60

Gly

Val

Gly

Leu

Gln

140

Tle

Leu

Gln

Gln

Val

220

Thr

ASn

Leu

Leu

Ile

300

Gly

Leu

Val

Gln

Thr

45

Thr

Gly

Gly

Thr

Asp

125

Ala

Ser

Gln

Ser

Ala

205

Tle

Leu

Gly

Asp

Vval
285

Asp

Tle

Leu

Phe

30

Thr

Thr

Phe

Ser

Thr

110

Val

Leu

ATrg

Pro

120

ATrg

Glu

Pro

Phe

ASP

270

Ser

Leu

Val

Leu

15

Gly

Tle

Ser

Met

Lys

S5

Tle

2la

Val

Pro

Trp

175

Trp

Trp

Trp

Ser

Agn
255

His

ASP

Pro

2la

Ile

His

Ile

Ser

80

Ser

ASp

Tle

Val

Leu

160

Glu

Ser

Val

Thr

Met

240

Leu

Pro

Gly

Val

Glu
320

Trp

64



Thr

Pro

Leu

385

AsSn

Met

ASpP

His

Val
370

Leu

Gly

Glu

ASpP

Ile
450

Gln

Cys

355

Val

ASP

Ile

Glu

Leu

435

Val

Leu

340

Gly

Ala

Glu

Val

Glu

420

Ala

Glu

325

AsSp

Phe

Met

Tle

Arg

405

Arg

Phe

<210> SEQ ID NO 12

<«211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Ser Pro Lys

1

Phe

ATg

Asn
65

Gly

Glu

ASpP

Pro
145

His

Ser

Val

Glu

Gly
225

Pro

Ile

His

50

Leu

Leu

Trp

ASpP

Phe

130

ATrg

Val

Agn

Thr

Met

210

Tle

Leu
Leu
35

Ala

Pro

Leu
115

Leu

Leu

Ala

Thr

Lys

195

Gly

Val

Met

20

Ala

Agn

Tle

Glu

Agn

100

Leu

Phe

Val

Ile

Glu

180

Leu

Ser

Val

495

Val

AsSn

Pro

Leu

390

ATy

Gly

Val

Val

65

Leu
Ser
Gln
375
Gly
Gly
Val

Ala

Ser
455

2la

Thr

360

Phe

Val

Agn

Tle

Val

440

Glu

His
345

Leu

Ser

Gly

Leu

Tle

425

His

Leu

Stevia rebaudiliana

12

Met
5
2la

Gln

Gln

Gly

85

Tle

Arg

Pro

Phe

Thr
165

Gln

Trp

Asn

Val

Gln

ATg

Vval

Leu
70

Ser

Glu

Trp

Agn
150

Ser

Vval

Tle

Leu

Thr
230

Ala

Gly

Gly

Arg

55

Leu

Glu

Thr

Leu

Thr

135

Gly

Asn

Val

Val

Arg

215

Phe

Pro

His

Ala

40

Pro

Glu

Ser

2la

Ser

120

Thr

Pro

Ile

Leu

Gly

200

Ala

Glu

Pro

Leu

25

Thr

Val

Leu

Phe

Tle

105

Pro

ASP

Gly

Leu

Pro

185

Ser

Val

Glu

330

Glu

Glu

ASp

Val

ala

410

Arg

Glu

Ile

Thr

10

Val

Val

Tle

Gln

ASp

50

ASp

Pro

Val

Gly

170

Gly

Ser

Glu

Leu

Ser

Ala

Gln

ATrg

395

Ser

AgSn

Pro

Thr

Ser

Leu

75

Gln

Leu

Pro

Ala

Phe

155

Glu

Leu

ATrg

Ala

Glu
235

-continued

Val

ITle

Thr

380

Val

ASn

Gly

Ala
460

Leu

Met

ITle

ATYg

60

ATYg

Leu

Leu

ASDP

ATrg

140

AsSn

Pro

Pro

Glu

220

Pro

Gly
Ser
365

Thr

Ile

Ala

Ser
445

His

Val

Ile

45

Ala

Ser

Pro

Gln

Cys

125

Arg

Leu

Glu

Asp

Ala
205

Glu

Cys
250
Leu

AgSh

Ala

Val
430

Ser

Phe

ASP

30

Thr

Tle

Thr

Ser

Gln

110

Ile

Leu

Leu

Pro

ATrg
150

Agn

Ala

335

Phe

Gly

Ala

ASpP

Met

415

ASP

Val

15

Tle

Thr

2la

Glu

Phe

55

Pro

Ile

AgSh

Val

175

Tle

Val

Ser

Val

US 9,284,570 B2

Val

Val

Glu
400
Ile

Trp

Agn

Leu

b2la

Pro

Thr

b2la

80

Glu

Ala

Ser

ITle

Tle

160

Ser

Glu

ASp

Phe

Glu
240

06



Glu

Ser

Ala

Leu

Ala

305

Pro

Phe

Hig

Gly

Ala

385

Agn

Val

Val

ASp

Met

465

Ser

<210>
<211>
<212>
<213>

<400>

Leu

2la

Gly

290

ala

Phe

Leu

Gly

Phe

370

Gly

Glu

Glu

Glu
450

2la

Ser

Tle

275

Ser

Gln

Tle

ASP

Trp

355

Leu

Val

Ala

ATrg

Lys

435

ASP

Leu

Thr

Agn

260

Thr

Val

Ala

Trp

Gly

340

Ala

Thr

Pro

Phe

Ala

420

Glu

Gly

Ile

Tle

PRT

ORGANISM:

SEQUENCE :

Met Ser Leu Lys

1

Phe

ITle

Ala

Lys

65

Val

Val

Leu

Phe

Ser

Ser

50

Val

Glu

ala

Ala

Ser
35

Val

Tle

Agn

Ile

Pro
115

Phe
20

Leu

Ser

Pro

Thr

ASP

100

ASDP

Val

245

Glu

Leu

Ile

Cvys

325

Phe

Pro

His

Met

Tle

405

AsSp

AsSp

Ala

Arg
485

SEQ ID NO 13
LENGTH :
TYPE:

454

Thr

His

Glu
210
Val

Glu

Gln

ITle
290

Vval

Leu

Val

Gln

Met

470

ASpP

67

AsSp

Gly

Asn

Val

295

Leu

Arg

Glu

Val

Gly

375

Thr

Glu

Phe

Arg
455

Ala

Val

Pro

Cys

280

Gly

Agn

ATy

Leu

360

Trp

Trp

Val

Gly

Lys

440

ATrg

Glu

Thr

ASP

265

Leu

Leu

Leu

Glu

Val

345

Tle

Agn

Pro

Leu

Glu

425

Ala

Gly

Glu

Stevia rebaudiliana

13

Gly

5

Gly

Tyr

ATy

Leu

2la
g5

Leu

Phe

Agn

Hisg

Pro

ITle

Thr

70

ASpP

Met

Vval

Asp

Tle

Gly

Glu

55

Leu

Ala

Gln

Tle

Thr

Val
40

Thr

Pro

Ser

Pro

Phe
120

Glu

Pro
25

Met

Arg

Pro

Gln

105

ASDP

Met
250

Leu

Gly

Gly

Thr

330

Arg

Leu

Ser

Phe

Lys

410

Glu

Val

Gly

Thr
490

Leu
10
Phe

Ile

Leu

Val

2la

90

Ile

Phe

Trp

Ala

Trp

Ser

Leu

315

ASpP

ASDP

Ser

Thr

Phe

395

Tle

ASDP

Glu

Val

Ser

475

Val

His

Val

Thr

Agnh

ASp

75

Thr

Val

-continued

Cys Ile Gly Pro

Glu

Leu

Leu

300

Glu

Glu

ATYJ

Hig

Tle

380

Ala

Gly

Tle
460

Ser

ATYg

Leu

Gln

Phe

Pro

60

Gly

Tle

Thr

Hig

Arg

Asp

285

Ala

Ser

Leu

Gly

Pro

365

Glu

Asp

val

Val

Leu

445

Glu

Ala

val

Leu

Leu
45

Ser

Leu

Gly

Leu

Trp
125

Gly
270
Glu

ATg

Ile

Leu

350

Thr

Ser

Gln

ATrg

Gly

430

Met

Leu

Glu

Pro

Met

Ser
30

Ala

Thr

Pro

Leu

Leu

110

Trp

255

Agn

Arg

Ile

Agn

Thr

335

Ile

Tle

Tle

Phe

Tle

415

Val

ASpP

2la

Agn

His
495

Phe
15

Agn

ala

Agn

Glu

Leu

o5

ala

Leu

US 9,284,570 B2

Val

Ser

Arg

320

Trp

Val

Gly

Thr

Leu

400

Gly

Leu

Glu

Val
480

Pro

Ser

Thr

Gly

80

Val

Agn

Pro

08



Glu

Met

145

Pro

Pro

Phe

ITle

Lys

225

Pro

Phe

Leu

Gly

Ser

305

Leu

Ser

Met

Lvs

385

Asn

Phe

Glu

Ile

130

2la

Ser

Val

His

Lys

210

Gln

His

Pro

Thr

Leu

290

Ala

ASpP

ala

Val

Lys

370

Ala

ASpP

Glu

Leu

Agn
450

Ala

Agn

Thr

ASP
195

Ser

Ser

Ser

Ala

ASP

275

Pro

Glu

Hig

Tle
355

Val

Gly

ASP

Pro

Gln

435

Leu

Ser

Tle

Val

Thr

180

Trp

Thr

Gly

Lys

260

ASDP

Phe

Leu

Gly

ASP

340

Glu

ASP

Val

Val

Ala

420

Agnh

Glu

Vval

Glu

165

Phe

Met

Arg

Arg

Glu

245

Ser

Gln

Phe

Tle

325

Ser

Gly

Gln

Glu

Phe

405

AsSp

Ala

<210> SEQ ID NO 14

<211> LENGTH:

<212> TYPR:
<213> ORGANISM: Stevia rebaudiana

PRT

<400> SEQUENCE:

4°73

14

Leu

Met

150

ASP

Glu

ASpP

Glu

Pro

230

Leu

Val

Tle

Leu

ATrg

310

Val

Val

Leu

Phe

Val

390

Glu

Ser

Glu

Leu

69

Gly
135
Pro

Ile

Ala

Met
215
Val
Asp
Ile
Arg
Val
295
Thr
Hisg
Gly
Val
Thr
375
Asnh
Ala

Ile

Tle

Ile

Ser

Tle

Cys

200

Glu

Phe

Glu

Glu
280
Leu

Leu

Ser

Agn
360

Agn

Arg

Val

ATy

Gln
440

Thr

Ala

Ser

185

Tle

Gly

Leu

Thr

Cys

265

Leu

Agn

Pro

Gly

Tyr

345

ASDP

Ser

Glu

Glu
425

Thr

Ser

Leu

170

Leu

Agn

Ser

Tle

Trp

250

Ser

2la

Phe

ASp

Trp

330

Val

ASp

Ser
410

Agn

Ile

Liys

155

Gln

Met

Gly

ATYg

Gly

235

Ala

Phe

Leu

Pro

Gly

315

Val

Phe

Gln

Val

Glu

395

Val

His

Tyr

-continued

Tyr
140
Leu

Gln

Agnh

ITle

220

Pro

Asn

Gly

Gly

Ala

300

Phe

Gln

His

Leu

Tle

380

ASDP

Met

AYg

Tle

Phe

Thr

Ser

Val

AsSn

205

Asp

val

Trp

Ser

Leu

285

Asn

Leu

Gln

Ala

val

365

Ala

Gly

Met

Ala
445

Met Ala Thr Ser Asp Ser Ile Val Asp Asp Arg Lys Gln

1

5

10

Ala Thr Phe Pro Trp Leu Ala Phe Gly His Ile Leu Pro

20

25

Leu Ser Lys Leu Ile Ala Glu Lys Gly His Lys Val Ser

Ser

Gly

ASP

Phe

120

Leu

ASP

Val

Leu

Glu

270

Glu

Val

Glu

ATrg

Gly

350

Met

Leu

ASP

Leu
430

ASP

Leu

Tyr
30

Phe

Val

Agn

Gly

175

Met

Val

Pro

Agn

255

Thr

Leu

ASP

Arg

His

335

Leu

Glu

Phe

Thr

415

Phe

His
15

Leu

Leu

US 9,284,570 B2

Lys

160

Ile

Ser

Leu

Thr

Glu

240

ATrg

Phe

Thr

Val

320

Tle

Gly

Pro

Leu

Gly
400

Glu

Glu

Val

Val

Gln

Ser

70



Thr
Asn
65

Ala

His

Ser

Thr

145

AsSn

Ala

Met

Hig

225

Val

Glu

Gln

Ser

Leu

305

ASP

Gly

Glu

Glu

ASP
385

Glu

Ala

Glu

Thr

50

Val

Glu

2la

Ser

Tle

130

Pro

Gly

Trp

Arg

Gly

210

Glu

Pro

Gln

290

Pro

Ser

Leu

Ser

Gly

370

Gln

Tle

Arg

ala

Lys
450

35

ATrg

Val

Ala

Ser

Pro

115

Ala

Trp

Ser

Phe

Leu

195

Leu

Phe

Val

ASP

Gly

275

Thr

Phe

Val

Val

Val

355

Leu

Pro

Pro

Ser

Agn

435

Glu

Agn

Gln

Thr

ASP

100

ASP

Ala

Ala

ASP

Pro

180

Val

Val

Gly

Val

Glu

260

Ser

Glu

Val

Glu

Trp

340

Met

Leu

ATrg

Leu

420

Ala

Tle

Leu

Thr

85

Gly

Trp

Ser

Ile

Gly

165

Phe

Pro

Leu

Thr

Pro

245

Thr

Val

Val

Trp

Leu

325

Thr

Gly

Phe

Asn

Asn

405

ATy

Vval

Gln

Thr

70

ASP

Leu

ITle

Leu

Ala

150

ATYg

Pro

Gln

230

Val

Trp

Val

Val

Ala

310

Pro

Ser

Phe

Gly

Ala

390

Glu

Ser

Glu

Ser

71

Arg
55

Leu
Val
Gln
ITle
Gly
135

Thr

Thr

Gly
215
Trp

Gly

Val

Glu
295
Asp
Trp
Leu
His

375

Arg

Glu

Val

Leu

Gln
455

40

Leu

Pro

His

Pro

Tyzr

120

Tle

Met

Thr

2la

200

Ser

Leu

Leu

Ser

Val

280

Leu

ATrg

Gly

Ala

Thr

360

Pro

Leu

ASDP

Val

Ser
440

Phe

Ser

ATg

Pro

Glu

105

ASP

Ser

Gly

Val

Val

185

Pro

ASDP

Pro

Leu

Tle
265
Ala

Ala

Phe

Pro
345

His

Leu

Leu

Gly

Val
425

Val

Ser

Val

Glu

90

Val

Arg

Pro

Glu
170

Leu

Pro
250

Leu

Leu

Pro

Val
330

Gln

Ile

Glu

Cys

410

Glu

Ile

ASp

His

Gln

75

ASpP

Thr

Thr

Ala

Ser

155

ASpP

Trp

Ile

Leu

Leu

235

Pro

Gly

Gly

Lys

315

Glu

Leu

Gly

Met

ASDP
395

Leu

-continued

Tle

60

Glu

Tle

ATYg

His

Hig

140

Ala

Leu

AYg

Ser

Leu

220

Glu

Glu

Trp

Ser

Leu

300

Gly

AYg

ATYg

Ser

Leu
380

Thr

Glu

AsSn

Leu
460

45

Ser

Leu

Pro

Phe

Tyr

125

Phe

Asp

Thr

Asp
205

Ser

Thr

Val

Leu

Glu

285

Glu

Pro

Thr

Ile
Gly
365

Pro

Gln

Gly

Asp
445

Glu

Pro

Pro

Leu

110

Trp

Ser

Ala

Thr

His

120

Gly

Leu

Pro

ASP

270

Val

Leu

Ala

ATg

Leu

350

Ser

Ile

Val

Glu

Glu

430

Thr

Leu

Glu

Leu

o5

Glu

Leu

Val

Met

Pro

175

ASP

His

Gly

255

Gly

Leu

Ser

ASP
335
Ser

Tle

Phe

Gly

Ser
415

Tle

Agn

US 9,284,570 B2

Tle

ASpP

80

Gln

Pro

Thr

Ile

160

Pro

Leu

ATrg

Gln
240

ASpP

Val

Gly

Ser

320

ATrg

His

Val

Gly

Ile
400

Val

Val

Thr

72
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73

-continued

Arg Ala Val Ala Ile Asp His Glu Ser
465 4770

<210> SEQ ID NO 15

<211l> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic polypeptide

<400> SEQUENCE: 15

Gly Ser Thr Gly Ser
1 5

<210> SEQ ID NO 16

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic polypeptide

<400> SEQUENCE: 1o

Met Ala Leu Leu Leu Ala Val Phe
1 5

<210> SEQ ID NO 17

<211l> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 17

cggcatatga gttttgatat tgccaaatac ccg

<210> SEQ ID NO 18

<211> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 18

cggctagcectt atgccagcca ggcecttgatt ttg

<210> SEQ ID NO 19

<211l> LENGTH: 52

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 19

cgcggcetage gaaggagata tacatatgca aacggaacac gtcattttat tg

<210> SEQ ID NO 20

<211l> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 20

cggaattcgce tcacaacccce ggcaaatgtce gg

33

33

52

32

74
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7S

-continued

<210> SEQ ID NO 21

<211> LENGTH: 49

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 21

gcgaattcga aggagatata catatggcaa ccactcattt ggatgtttyg

<210> SEQ ID NO 22

<211l> LENGTH: 37

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 22

gcgctcecgagt cattttgttg ccttaatgag tagcgcec

<210> SEQ ID NO 23

<211> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 23

taaaccatgg gttttgatat tgccaaatac ccg

<210> SEQ ID NO 24

<211l> LENGTH: 36

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 24

cggggtacct cattttgttg ccttaatgag tagcgc

<210> SEQ ID NO 25

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 25

cggctcgagt cattttgttg ccttaatgag tagcgc

<210> SEQ ID NO 26

<211> LENGTH: 37

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide
<400> SEQUENCE: 26

cgtaaccggt gcctcectgecta accatgttca tgcecttc

<210> SEQ ID NO 27

<211> LENGTH: 24

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

49

37

33

36

36

37
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-continued

<400> SEQUENCE: 27

ctcctteget agettatgece agcec

<210> SEQ ID NO 28

<211l> LENGTH: o1l

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 28

cgtagaattc agaaggagat atacatatgt ttgatttcaa tgaatatatg aaaagtaagg

C

<210> SEQ ID NO 29

<211l> LENGTH: 37

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 29

gatggtcgac tcacaactga cgaaacgcaa tgtaatc

<210> SEQ ID NO 30

<211l> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 30

accatggcte tgtctcectgtg catt

<210> SEQ ID NO 31

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 31

tctcgagtta acgttgttcet tegttttceg

<210> SEQ ID NO 32

<211l> LENGTH: 35

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 32

actcgagaag aaggagatat acatatgaag actgg

<210> SEQ ID NO 33

<211l> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 33

tgaattctca gattacgatt tcaaatactt tgg

24

60

61

37

24

29

35

33
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-continued

<210> SEQ ID NO 34

<211l> LENGTH: 91

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 34
gacgctcgag gagcaataac tagcataacc ccttggggcece tctaaacggg tcecttgagggg

ttttttgectt gtgtaggctg gagctgcttce g

<210> SEQ ID NO 35
<211> LENGTH: 34
<«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 35

gacgagtact gaacgtcgga attgatccgt cgac

<210> SEQ ID NO 36
<211> LENGTH: 921
«212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 36
gacggagctce gagcaataac tagcataacc ccttggggcece tctaaacggg tecttgagggyg

ttttttgett gtgtaggctg gagctgcttce g

<210> SEQ ID NO 37

<211> LENGTH: 63

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 37
atgacgattt ttgataatta tgaagtgtgg tttgtcattg cattaattgc gttgcgctca
ctyg

<210> SEQ ID NO 38

<211> LENGTH: o4

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 38

atgacgattt ttgataatta tgaagtgtgg tttgtcattg gcatccgcett acagacaagc

tgtyg

<210> SEQ ID NO 39

<211> LENGTH: o4

<212> TYPE: DHNA

<213> ORGANISM: Artificial Sequence

60

51

34

60

51

60

63

60

64
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81

32

-continued

<220> FEATURE:
<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 39

ttagcgacga aacccgtaat acacttcegtt ccagcgcage cgacgtcecgga attgatcocgt

cgac

What 1s claimed 1s:

1. A method for producing steviol or steviol glycoside
comprising:

culturing an £. coli strain having balanced expression of (1)

an upstream methylerythritol pathway (MEP) that pro-
duces 1sopentyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP), with respect to (2) a down-
stream pathway that produces steviol or steviol glyco-
side from said IPP and DMAPP, the downstream path-
way comprising a recombinantly expressed copalyl
diphosphate synthase (CPS), kaurene synthase (KS), a
geranylgeranyl diphosphate synthase (GGPPS) kau-
renoic acid 13-hydroxylase (KAH) and kaurene oxidase
(KO), and optionally one or more Stevia UDP glycosyl
transferase enzymes;

wherein said balanced expression 1s obtained by increasing

or decreasing the expression level of a downstream path-
way module and 1increasing or decreasing the expression
level of an upstream pathway module together in £. coll,
and 1dentifying an . coli strain with higher production
of steviol or steviol glycoside and/or lower accumula-
tion of indole as having balanced expression.

2. The method of claim 1, wherein the copalyl diphosphate
synthase (CPS) enzyme 1s a Stevia enzyme.

3. The method of claim 1, wherein the kaurene synthase
(KS) enzyme 1s a Stevia enzyme.

4. The method of claim 1, wherein the GGPPS enzymei1s a
laxus enzyme or a Stevia enzyme.

5. The method of claim 1, wherein the upstream pathway
module comprises dxs, 1di, 1spD, and 1spF genes of the MEP
pathway.

6. The method of claim 3, wherein the upstream pathway
module comprises dxs, 1di, 1spD and 1spF genes of the MEP

pathway expressed as the operon dxs-1di-1spD-1spF.
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7. The method of claim 1, wherein the downstream module
comprises the gene encoding the copalyl diphosphate syn-
thase (CPS) enzyme, the gene encoding the kaurene synthase
(KS) enzyme and the gene encoding the GGPPS enzyme
co-expressed on an operon.

8. The method of claim 1, wherein the downstream module
further comprises kaurene oxidase (KO) and kaurenoic acid
13-hydroxylase (KAH) enzymes co-expressed on an operon,
optionally each as fusions with a cytochrome P450 reductase.

9. The method of claim 1, wherein the expression of the
upstream pathway module and the expression of the down-
stream pathway module are balanced by one or more of:
increasing or decreasing promoter strengths, increasing or
decreasing gene or operon copy number, and changing the
position of genes within the module.

10. The method of claim 9, wherein one or more operons 1s
integrated into the E£. coli genome.

11. The method of claim 1, wherein the KAH and KO are
Stevia enzymes.

12. The method of claim 11, wherein the KAH and/or KO
comprise catalytically active portions fused to a Stevia cyto-
chrome P4350 reductase enzyme.

13. The method of claim 12, wherein the KAH and KO
enzymes have an N-terminal truncation and contain the N-ter-
minal peptide sequence MALLLAVF (SEQ 1D NO: 16).

14. The method of claim 1, further comprising recovering

the steviol or steviol glycoside.

15. The method of claim 14, wherein the steviol or steviol
glycoside 1s recovered from the gas phase of the culture by
adding an organic layer.

G ex x = e



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

APPLICATION NO. : 13/306633
DATED : March 15, 2016
INVENTOR(S) . Gregory Stephanopoulos et al.

It is certified that error appears In the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

At Column 9, Line 32 “isopentyl” should be --1sopentenyl--.
At Column 12, Line 59 “isopentyl” should be --1sopentenyl--.
In the Claims

At Column 81, Claim 1, Line 15 “methylerythritol pathway (MEP)” should be --methylerythritol
phosphate (MEP) pathway--.

At Column 81, Claim 1, Line 16 “1sopentyl” should be --1sopentenyl--.

Signed and Sealed this
Ninth Day of October, 2018

Andreil Iancu
Director of the United States Patent and Trademark Office
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